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ABSTRACT 
 
In the last few decades materials possessing well-defined structural properties on the nanoscale and 
microscale have shown to be extremely promising for applications in several fields, such as 
microelectronics, biology, and solar cells fabrication. This is due to the fact that the manufacture of 
organic-based devices, for any kind of application, requires the development of reproducible protocols 
to engineer materials featuring precise structural properties. To improve control on the nanoscale 
level, both bottom-up and top-down approaches have been intensively exploited to date. Although 
nowadays the second is still predominant at applicative level, Moore’s law foresees its final limit in a 
few years. In this context strong hope is coming from the possibility to control, in a defined way, the 
assembly of opportunely functionalized molecules, called building blocks, through the exploitation of 
particular type of non-covalent interactions. For this purpose the key concepts proper of the 
supramolecular chemistry has been revealed to be extremely promising for the preparation of nano-
aggregates provided with well defined structural and functional properties. In this context one of the 
factors that crucially affects the process of nanostructuration through non-covalent interactions is the 
geometrical and structural property of the single building blocks used. Indeed, the geometric structure 
of molecules can considerably influence their ability to self-organize into more complex objects and 
therefore by an accurate development of the structural characteristic of the single molecular module it 
will be possible to tune the structure and the properties of the final material. 
Unfortunately in this context, even if great efforts have been undertaken by the scientific community 
to prepare well defined nanostructures through a supramolecular approach, the possibility to perfectly 
control the transmission of the geometrical informations from the molecular level to the final 
nanostructure still remains a partially unresolved task due to the high number of physical and chemical 
variables correlated to the self-assembly/self-organization process. 
The aim of this thesis consists into the design and synthesis of a novel library of molecules, equipped 
with desired molecular functionalities, which by means of hydrogen bonding interactions can self-
assemble and generate different types of nanostructured materials that can be studied at the 
geometrical and morphological level by means of the combined use of different microscopic 
techniques such as Transmission Electron Microscopy (TEM) or Atomic Force Microscopy (AFM). 
Intrinsically, our goal is to shed further light on the structural features of the molecular recognition 
process, leading to the formation of the final nanostructured material, giving the maximum importance 
to the investigation of the transfer of geometrical informations from the single building block to the 
final nanostructure.  
In the first part of Chapter 1, the reader is introduced to the basic principle regarding the engineering 
of nanostructured materials through the different types of non-covalent interactions (hydrogen bonds, 
electrostatic, aromatic-aromatic and coordinative interactions) with a particular emphasis on the 
operative procedure developed in the last ten years. In the second part of the chapter instead, the 
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attention is focused on the detailed description of the design and preparation of the nanostructuration 
process of the material through hydrogen bonds systems.  
In Chapter 2, the first part of the experimental work of this thesis is introduced. In this context the 
synthesis of a molecular library of building blocks able to self-assembly via heterocomplementary H-
bonds interactions and self-organize into different types of nanostructure if thermally stimulated, is 
reported. As for our precedent studies on the subject, the molecular modules used feature 
complementary terminal H-bonding sites, namely 2,6-di(acetylamino)pyridyl) and uracil moieties, 
which are connected to different aromatic units through linear ethynyl spacers. The peculiarity of the 
building blocks adopted for this study is centred on the fact that they possess as H-bonds recognition 
units uracil moieties protected with the tert-butyloxycarbonyl (BOC) group at the level of their imidic 
nitrogen. Due to the thermal instability of the BOC groups, the heating of the modules results into the 
cleavage of this protective group, inducing in this way the self-assembly process between the 
complementary building blocks (Figure 1). 
 
Figure 1. Molecular structures of the Boc protected uracil based building blocks (91-93) and of their complementary 
bis(acylamino)pyridine derivative 84 used for the thermal induced self-assembly studies reported in Chapter 2. 
The first part of the chapter guides the reader through the synthetic pathway adopted for the 
preparation and the spectroscopic characterization of the single building blocks, but also through the 
investigation of the different aspects of the thermal induced self-assembly process, such as the BOC 
deprotection phenomena and the molecular recognition process. In the second part of the chapter 
instead, great space will be given to the investigation of the microscopic characterization of the 
nanostructured morphologies by means of TEM and AFM. In order to have more detailed 
informations of the nanostructuration process not only the molecular geometry of the single building 
blocks was studied but also additional physical and chemical factors, such as the solvent composition 
or the temperature and concentration used, were taken in consideration to obtain the final 
nanostructure. 
A further development of the previous work is reported in Chapter 3, in which the self-assembly and 
self-organization behaviour of axially chiral building blocks based on binaphthol core is studied 
(Figure 2). The principal task of this project regards the investigation of the transmission mechanism 
NN
O
O
N
N
O
O
N
N
O
O
N N
O
O
O
O
O
O
O
O
O
O
N
N
O
O
O
O
N
N
O O
O O
NN
O
O O
O
N
N
O O
O O
N
N
OO
OO
91 92 93
N N
H
O
N
H
O
N N
H
O
N
H
O
OC12H25
C12H25O
84
Abstract(
 
   ix 
of chiral informations from the single building block to the resulting nano-object obtained by the self-
assembly process.  
 
Figure 2. Molecular structures of the axially chiral building blocks (R)-108 and (S)-108 based on the binaphthol structure, 
and of their complementary bis(acylamino)pyridine derivative 84 used for the chirality transfer studies in Chapter 2. 
In the first part of this chapter the synthetic pathway toward the preparation of the single building 
blocks is discussed and their self-assembly mechanism in solution, is elucidated by means of different 
spectroscopic techniques, such as 1H-NMR, UV-Visible and Circular-Dichroism spectroscopy. The 
second part of the chapter is instead focused on the morphological aspects of the self-organized 
nanostructures deriving from the assembly of the chiral building blocks. In this context the 
morphology and the geometrical aspects of the resulting nanostructured materials were investigated by 
means of different microscopy techniques such as TEM and AFM. Moreover, a detailed evaluation of 
the morphological changes affecting the structure of the nanomaterial in relation with the solvent 
composition (i.e polarity) is performed, in order to determine at the same time the best conditions 
necessary for the preparation of nanostructures provided with a controlled shape and to shed some 
light on the organization mechanism. 
As last topic performed during this thesis, in Chapter 4 the supramolecular polymerization process 
was exploited in order to prepare nanostructured material provided with a certain degree of 
functionality. For this purpose a template approach was used in order to create hybrid material based 
on the self-assembly of organic supramolecular polymers onto an electroactive support.  
 
Figure 3. Molecular structures of the di-porphyrin building blocks 112 and 113 based on the pyrene core and on their 
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bidentate ligand 1,2-(4-(bispyridyl)-ethane 114 used for the preparation of highly chromophoric supramolecular polymers 
based on coordinative interactions reported in Chapter 4 (R: Mesityl groups). 
In this work we decided to use as template nanomaterial Multi-Wall Carbon Nanotubes (MWCNTs), 
due to their outstanding electronical properties, and high aspect ratio character that makes them 
excellent candidate for any eventual application in nanoelectronic devices. Unfortunately the main 
drawback of this kind of nanomaterial is their low solubility in almost any organic solvent that 
decreases drastically their applicability. To avoid this drawback, we decided therefore to functionalize 
the pristine MWCNT following a supramolecular approach. For this purpose a series of di-porphyrin 
derivatives, able to form a supramolecular polymer through axial coordination, are synthesized (Figure 
3). The ability of these compounds to produce polymers by coordination with the bidentate ligand 1,2-
(4-(bispyridyl))-ethane was evaluated by means of different spectroscopic techniques, such as UV-
Visible and Fluorescence spectroscopy, whereas the morphological aspects of the nanostructure 
resulting from their self-organization was studied by AFM images. Finally the obtained 
supramolecular polymers were used to prepare highly soluble MWCNTs, provided at the same time of 
a large number of antenna systems that can be of high importance for the preparation of nanoelectronic 
devices. 
All the nanostructured systems described in this thesis provide a remarkable series of examples of the 
tremendous potential that the supramolecular approach possess for the fabrication of molecular 
devices of new generation, which are hardly achievable using the miniaturizing methods that are 
nowadays the most exploited. 
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RIASSUNTO 
 
Negli ultimi decenni, materiali caratterizzati da proprietà strutturali ben definite su scala nano e 
micrometrica, hanno dimostrato di essere promettenti candidati per applicazioni in diversi settori 
tecnologici quali la microelettronica, la biologia e nella preparazione di celle solari di nuova 
generazione. Ciò è dovuto al fatto che la fabbricazione di dispositivi basati su sistemi organici, per 
qualsiasi tipo di applicazione, richiede lo sviluppo di protocolli riproducibili al fine di poter sviluppare 
materiali caratterizzati da precise proprietà strutturali. Per migliorare il grado di controllo su nano-
scala, sia approcci bottom-up che top-down sono stati intensamente studiati. Anche se attualmente il 
secondo approccio è ancora il predominante a livello applicativo, la legge di Moore prevede che il suo 
limite finale verrà raggiunto in pochi anni. La speranza di non dover far arrestare il progresso a causa 
dei limiti fisici con cui inevitabilmente l’approccio top-down si verrà a breve a scontrare, viene riposta 
nella possibilità di controllare su scala molecolare, in un modo definito, l'assemblaggio di molecole 
opportunamente funzionalizzate, chiamate “building blocks” o moduli molecolari, in modo da ottenere 
oggetti definiti e caratterizzati da specifiche proprietà. A questo scopo i concetti fondamentali propri 
della chimica supramolecolare si sono rivelati molto promettenti per la preparazione di nano-aggregati 
dotati di caratteristiche strutturali e funzionali ben definite. In questo contesto, uno dei fattori che 
influenzano in modo cruciale il processo di nano-strutturazione tramite interazioni non covalenti sono 
le proprietà geometriche e strutturali dei singoli building blocks utilizzati. Infatti la struttura 
geometrica delle molecole può influenzare notevolmente la loro capacità di auto-organizzarsi in 
oggetti più complessi e quindi da uno sviluppo accurato della caratteristica strutturale del singolo 
modulo molecolare sarà possibile sintonizzare la struttura e le proprietà del materiale finale. 
Purtroppo, benché grandi sforzi siano stati intrapresi dalla comunità scientifica per preparare nano-
strutture ben definite attraverso un approccio supramolecolare, la possibilità di controllare 
perfettamente la trasmissione delle informazioni geometriche dal livello molecolare alla nano-struttura 
finale rimane ancora un compito parzialmente irrisolto a causa del numero elevato di variabili fisiche e 
chimiche correlate al processo di self-assembly/self-organization dei singoli building blocks. 
Lo scopo di questa tesi consiste nella progettazione e nella sintesi di una libreria di molecole, dotate di 
opportuni gruppi funzionali, che per mezzo d’interazioni di legame idrogeno si possano auto-
assemblare generando così differenti tipi di materiali nano-strutturati, i quali possano a loro volta 
essere studiati a livello geometrico e morfologico mediante l'uso combinato di diverse tecniche 
microscopiche come la microscopia elettronica a trasmissione (TEM) o la microscopia a forza atomica 
(AFM). Nello specifico, il nostro scopo è quello di chiarire ulteriormente le caratteristiche strutturali 
del processo di riconoscimento molecolare, che porta alla formazione del materiale nano-strutturato 
finale, dando la massima importanza all'indagine del trasferimento di informazioni geometriche dal 
singolo modulo molecolare alla finale nano-struttura. Nella prima parte del Capitolo 1, il lettore viene 
introdotto ai principi fondamentali riguardanti la preparazione di materiali nano-strutturati attraverso 
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diverse tipologie di interazioni non covalenti (legami idrogeno, interazioni elettrostatiche, aromatico-
aromatico e di coordinazione), ponendo un accento particolare sugli sviluppi ottenuti in questo campo 
negli ultimi dieci anni. Nella seconda parte del capitolo invece, l'attenzione è rivolta alla descrizione 
dettagliata della progettazione ed esecuzione del processo di nano-strutturazione del materiale 
attraverso sistemi di legami idrogeno.  
Nel Capitolo 2, viene introdotta la prima parte del lavoro sperimentale di questa tesi. In questo 
contesto, viene riportata la preparazione di una libreria di moduli molecolari capaci di auto-
assemblarsi attraverso legami ad idrogeno etero-complementari e di auto-organizzarsi in differenti tipi 
di strutture se stimolati termicamente. Come in precedenti lavori che abbiamo svolto sul medesimo 
argomento, i moduli molecolari utilizzati presentano gruppi capaci di indurre la formazione di legami 
idrogeno, in particolare le unità complementari 2,6-di(acetilammino)piridiniche e uraciliche, connesse 
a diversi gruppi aromatici tramite linker etinilici. La peculiarità dei moduli molecolari scelti per questo 
lavoro è incentrata sul fatto che possiedono come unità di riconoscimento basate sui legami idrogeno 
dei gruppi uracilici protetti a livello degli azoti immidici con dei gruppi tert-butilossicarbonilici 
(gruppi Boc). Poiché i gruppi Boc sono termicamente instabili, scaldando i moduli si ottiene la 
deprotezione dei gruppi protettivi, inducendo in questo modo il processo di self-assembly tra moduli 
molecolari complementari (Figura 1).  
 
Figura 1. Strutture molecolari dei building block (91-93) basati su unità uraciliche Boc protette e il loro complementare, il 
derivato bis(acilammino)piridinico 84, utilizzato per gli studi di self-assembly termicamente indotto riportato nel Capitolo 2. 
 
Nella prima parte del capitolo viene riportata la via sintetica adottata per la preparazione e la 
caratterizzazione spettroscopica dei singoli moduli molecolari. Inoltre sono descritti i diversi aspetti 
del processo di self-assembly indotto termicamente, come il fenomeno della deprotezione del gruppo 
Boc e il processo di riconoscimento molecolare. Invece, nella seconda parte del capitolo vengono 
descritti in dettaglio le caratterizzazioni microscopiche della morfologia delle nano-strutture ottenute 
tramite TEM e AFM. 
Allo scopo di avere informazioni più dettagliate sul processo di nano-strutturazione, non solo verrà 
studiata la geometria molecolare dei singoli moduli molecolari, ma verranno presi in considerazione 
addizionali fattori chimici e fisici influenzanti l’ottenimento delle nano-strutture finali, come la 
composizione del solvente o la temperatura e la concentrazione usati. 
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Un altro sviluppo del lavoro precedente è riportato nel Capitolo 3, nel quale viene studiato il 
comportamento di auto-assemblaggio e auto-organizzazione di composti molecolari chirali a livello 
assiale, basati su molecole binaftoliche (Figura 2). Il principale scopo di questo studio si focalizza 
sull’indagine del meccanismo di trasmissione delle informazioni chirali dalla singola molecola al 
risultante nano-oggetto ottenuto dal processo di self-assembly. 
 
Figura 2. Strutture molecolari dei building block chirali a livello assiale, (R)-108 e (S)-108 basati su una struttura 
binaftolica, e del loro derivato complementare bis(acilammino) piridinico 84 utilizzato negli studi di trasferimento di chiralità 
nel Capitolo 3. 
Inizialmente viene presentata la via sintetica adottata per la preparazione dei singoli composti 
molecolari e il loro meccanismo di self-assembly in soluzione viene spiegato tramite varie tecniche 
spettroscopiche, come 1H-NMR, UV-Visibile e dicroismo circolare. La seconda parte del capitolo 
invece si concentra sulla caratterizzazione degli aspetti morfologici delle nanostrutture auto-
assemblate derivanti dalle interazioni dei building block chirali. In questo contesto gli aspetti 
morfologici e geometrici del risultante materiale nanostrutturato verranno investigati tramite differenti 
tecniche microscopiche, quali il TEM e l’AFM. Inoltre è stata condotta una dettagliata valutazione dei 
cambiamenti morfologici che si riflettono sulla struttura del nanomateriale, come per esempio la 
polarità del solvente, in modo da poter determinare allo stesso tempo le migliori condizioni necessarie 
per la preparazione di nanostrutture dotate di una forma controllata e chiarirne il meccanismo del self-
assembly. 
Come ultimo argomento trattato in questa tesi, nel Capitolo 4, il processo di polimerizzazione 
supramolecolare è stato sfruttato per la preparazione di materiali nanostrutturati funzionali. A questo 
proposito un approccio templato è stato utilizzato per realizzare materiali ibridi basati sul self-
assembly di polimeri organici supramolecolari su un supporto elettroattivo. 
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Figura 3. Strutture chimiche dei moduli molecolari a struttura diporfirinica 109 e 110 basati su un core pirenico e su un 
legando bidentato, 1,2-(4-bispiridil)-etano 111 usato per la preparazione di polimeri supramolecolari cromoforici basati su 
interazioni di coordinazione riportati al Capitolo 4 (R: gruppi mesitile). 
In questo lavoro abbiamo deciso di utilizzare come nanomateriale templato i nanotubi di carbonio a 
parete multipla (MWCNTs), che grazie alle loro notevoli proprietà elettroniche e alle loro elevate 
caratteristiche monodimensionali si sono rivelati essere un ottimo candidato per un’eventuale 
applicazione in nanoelettronica nella preparazione di “devices”. Sfortunatamente il più grande 
svantaggio di questo nano-materiale è la bassa solubilità in quasi tutti i solventi organici, che 
diminuisce drasticamente una loro possibile applicazione. Per sormontare questo ostacolo abbiamo 
deciso quindi di funzionalizzare i nanotubi di partenza tramite un approccio supramolecolare. A tal 
proposito è stata sintetizzata una serie di derivati diporfirinici, capaci di formare polimeri 
supramolecolari attraverso coordinazione assiale (Figura 3). L’abilità di questi composti di 
organizzarsi in polimeri grazie alla coordinazione con il ligando bidentato 1,2-(4-(bispiridil))-etano è 
stata verificata tramite differenti tecniche spettroscopiche, quali l’UV-Visibile e la spettroscopia a 
fluorescenza, mentre gli aspetti morfologici delle nanostrutture risultanti dalla loro auto-
organizzazione sono stati studiati tramite immagini AFM. Infine i polimeri supramolecolari ottenuti 
sono stati utilizzati per preparare MWCNTs altamente solubili, dotati allo stesso tempo di un grande 
numero di sistemi antenna che possono risultare di grande importanza per la preparazione di device 
nanoelettroniche. 
Tutti i sistemi nanostrutturati descritti in questa tesi forniscono una considerevole serie di esempi 
dell’enorme potenziale che l’approccio supramolecolare possiede per la fabbricazione di device 
molecolari di nuova generazione, difficili da ottenere usando metodi di miniaturizzazione che sono 
oggigiorno i più sfruttati. 
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CHAPTER I 
 
INTRODUCTION 
 
1.1 The Challenge of Nanostructuration 
Nowadays with the term “nanomaterials” the scientific community intend a class of functional 
materials characterized at least by one dimension below 100 nm. Such kind of objects can possess a 
wide variety of shapes, ranging from the more simple spherical shape, characteristic of nanoparticle 
and nanovescicle, to incredibly more complicated architecture such as helix or rosettes.[1] The great 
interest revolving around this kind of systems is mainly centered on the fact that the properties of the 
material at the nanoscale level can be substantially different from its bulk correspondent.[2] Indeed both 
electronical[3], pharmaceutical[4] and medicinal[5] properties of several types of materials have proven to 
be significantly enhanced if an opportune process of nanostructuration was performed.[6] In this 
context, the increased antimicrobial activity of silver nanoparticles[1b] and the change in conductivity 
of different type of metal nanostructure,[7] in comparison with the pristine metals are among the most 
explicative examples. Basing on these considerations it is therefore reasonable to consider the study of 
the properties and preparation of such kind of materials a primary scientific discipline known as 
“nanoscience”. It is noteworthy to point out that, even if a general definition of nanomaterial is 
commonly accepted the elaboration of a general meaning for the term nanoscience is still far away 
from being recognized. As a general interpretation, however, nanoscience can be defined including 
also highest level of functional complexity related to the nano-objects, such as the study and the 
development of devices possessing dimension below 100 nm. The elaboration of such kind of 
definition highlight the possibility to opportunely design and produce, in a near future, functional 
devices characterized by highly defined geometrical and structural properties together with a strictly 
controlled functionality. This factor is nowadays of crucial importance since it can be considered the 
final point for the ongoing miniaturization of mostly all kind of electronic equipment’s. So far, the 
miniaturization of electronic components has been possible thanks to the constant development of new 
engineering techniques that permit the incorporation of an increasing number of electronic 
components inside the silicon boards.[8] Unfortunately, accordingly with the Moore’s law the final 
limit of this “top-down” approaches will be shortly reached since the size of the components will be 
too low to be produced by physical methods[9]. In this context strong hope is deriving from the 
possibility to control, in a defined way, the assembly of opportunely functionalized molecules, called 
building blocks, exploiting non-covalent interactions. For these purpose the key concepts proper of the 
supramolecular chemistry has been revealed to be extremely promising for the preparation of nano-
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aggregates provided with defined structural and functional properties.[10] Although this type of “bottom 
up” approach is nowadays unexploited for the commercial production of devices in the real world, its 
potential advantages are remarkable, including: high convergence in the nanostructuration protocol, 
facile formation of the final nanostructures by simple mixing of the components, possibility to obtain 
defect free architecture due to the reversible nature of the interactions involved which can induce the 
most thermodynamically stable phase.[11] Even if in the last decades great efforts have been undertaken 
by the scientific community to prepare organic nanostructures via non-covalent interactions, the 
possibility to perfectly control the transmission of the geometrical informations from the molecular 
level to the final nanostructure still remain a difficult and partially unresolved task. In this introductory 
chapter we will therefore review the principal developments occurred in the last ten years in the field 
of supramolecular nanostructuration of organic materials, particularly emphasizing the relation 
between molecular and nanostructure geometry. 
In the first section, a general overview about the basic principles inherent to the nanostructuration of 
organic materials via non-covalent interactions will be presented whereas in the second part a more 
detailed view on the preparation of supramolecular nanostructures via H-bonds will be discussed, 
focusing on the relationship between the nanostructure morphology and the molecular geometrical 
properties of their constituting components. 
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1.2 Methodological Approaches toward the Supramolecular 
Nanostructuration of Organic Materials 
Due to the extremely rapid growth that the nanotechnology field has experimented in these last 
decades, several preparative approaches have been developed to organize single molecules into 
functional high-order architectures, such as colloidal,[12] sol–gel polycondensation,[13] template[14] and 
non-covalent[15] methods. Among all possibilities, the supramolecular approach[16] revealed to be the 
one that produces the broadest variety of easily accessible and interesting molecular architectures.[17] 
In this context, the understanding of the self-assembly and self-organisation mechanism together with 
the direct visualization and morphological characterization of the final nanostructures by scanning 
probe (STM and AFM) and electronic microscopies (SEM and TEM) have attracted important 
consideration for the engineer and study of the resulting nanostructured material.[2, 18] 
The geometrical properties of the final nanostructure and the order of its inner components is encoded 
in the shape and chemical properties of the molecular functionalities, but also in the strength and 
directionality of the secondary interactions used for the higher levels of integration. In this paragraph 
we will thus present a brief overview in which the different approaches exploitable for the preparation 
of nanostructured material can be summarize basing on the different interactions leading to the 
formation of the final nanomaterial, such as hydrogen bonds (H-bonds), coordinative, electrostatic and 
aromatic-aromatic interactions. 
 
1.2.1 Hydrogen Bonds (H-Bonds) 
Among all the different types of non-covalent interactions, H-bonds are the one that probably have 
been more exhaustively studied and therefore better understood. In general terms, H-bonds can be 
defined as a non–covalent attractive interactions between a positively charged hydrogen atom bonded 
to an electronegative atom (defined as H-bond donor, D-H) and a negatively charged atom possessing 
a lone pair of electrons (the H-bond acceptor, A).[19] H-bonds can vary in strength from being very 
weak to being the strongest (and most directing) of the intermolecular interactions. H-bonds 
interactions are directional and complementary and can thus simplify engineering specific orientations 
and interactions between individual H-bond donor and acceptor moieties. So far, the exploitation of H-
bonds as supramolecular tool for the production of nanostructured material has led to a wide range of 
nanostructures possessing different kinds of geometry and properties. The first clear example of H-
bond directed self-assembly and organization is unequivocally considered the DNA double helix 
formation (Figure 1.1).[20]  
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Figure 1.1 Molecular recognition process between Cytosine/Guanine and Adenine/Thymine (a) H-bonds are marked with the 
red dashed line. Representative depiction of the deoxyribonucleic backbone of DNA (b). Optimized geometrical structure of 
DNA double helix, stick visualization is used to represent the deoxyribonucleic backbone whereas the base pair are 
represented with their vdW radius in order to highlight the formation of the π-π interactions.[21] 
Tacking this process as a model for the development of complex supramolecular architectures, 
different groups in the last decades have exploited H-bonds interactions to induce the selective 
association of opportunely designed molecular modules. Among all, the groups of Meijer,[22] 
Ajayaghosh[23] and Yagai[24] are the one who most thoroughly investigated the possibility to produce in 
a controlled way nanostructured supramolecular materials through a careful design of the geometrical 
and stereochemical codes present in the single molecular modules. In this context, the first approaches 
toward the nanostructuration of organic materials via H-bonds leading to ordered arrays of functional 
materials exploit the use of molecular templates,[21] Indeed, even biomolecules such as DNA, have 
been used as oligomeric backbones to assemble aromatic chromophores into discrete, stacked helical 
structures.[25] For this task, single oligothymine strands provide a well-defined template with a specific 
H-bonding motif and, when matched with water-soluble aromatic guests (2-4) possessing 
complementary H-bonding motifs, UV-Vis and Circular Dichroism (CD) measurements indicated the 
formation of helical aggregates, morphologically characterized by Atomic Force Microscopy 
(AFM).[26]  
 
Figure 1.2 Molecular structure (a) of oligothymine 1 and of the diaminotriazines derivatives 2-4, used by Meijer and co-
worker to organize aromatic chromophores into helical stacks. Schematic representation (b) of the self-assembly process 
between the chromophores (represented as the linear units) and the DNA oligonucleotides.[26] 
Following an alternative approach, by exploiting a combination of H-bonds and π-π interactions, it 
was possible in the recent years to develop highly organized nanostructures to direct the controlled 
formation of the final assembly. Through the opportune design of molecules containing aromatic 
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The pinnacle of hydrogen bond directed self-assembly and
organization is unequivocally the DNA doubl helix (Fig. 4).5
Two covalent deoxyribose strands of complementary oligo-
nucleotides come into contact, the nucleobases pair up
through hydrogen bonds, and the double helix forms.
Aromatic interactions between the matched base pairs are
equa ly important and the planes of each pair are separated
by the ideal van der Waals distance, B3.4 A˚. As such, DNA
helices can be considered discrete aromatic stacks. The
advantages of using a DNA base pair stack are: (1) the
ease of design and synthesis. Thanks to the development of
automated phosphoramidite chemistry,56 th modern chemist
can design the specific length (up to 100 stacks) and constitution
of oligonucleotide strands for the construction of well-defined
DNA systems.57,58 (2) The system and its self-assembly have
been exhaustively studied and are predictable. (3) The base
pairs are organized and held at an ideal, thoug offset,
distance. A minimum number of base pairs (B4) is
required for helix formation59,60 and studies relying on discr te
DNA stacks typically utilize B10 stacked base pairs. The
incorporation of artificial nucleobases into DNA stacks can
lead to designer DNA double helices,61–67 but th prerequisites
of double helix formation, i.e., base pair size, electronics,
and hydrogen bond motif, limit the general versatility of
this method.
The specific binding of the flexible DNA backbone lso
serves to assemble aromatic chromophores into discrete,
stacked helical structures. Single oligothymine strands (where
dT40 as forty thymine ) provide a well-defined template
with a specific hydrogen binding motif and, when match d
with wat r-so uble aromatic guests (G1 or G2) possessing
complementary hydrogen bonding motifs, UV-Vis and
circ lar dichroism (CD) measurements in icated the formation
of helical ggregate (Fig. 5).69,70 Extensive experimental
characterization (temp ature-dependent UV-Vis and CD,
cryo-TEM, 1H NMR and infrared spectroscopy, light scattering,
Fig. 3 (a) Schematic representation of foldamers containing stacked
aromatics. The chemical structure of (b) aedamer oligomers and
(c) guanidinium stacks.
Fig. 4 DNA base-pair stack f rmation relies on (a) hydrogen bonds
between base pairs and (b) the deoxyribose covalent template.
(c) The X-ray crystal structure of a single turn of B-DNA containing
a 12-stack.68
Fig. 5 Schematic representation of the hydrogen bond templated
40-mer discrete stack and chemical structures of the ssDNA template
dTq and stacking chromophores G1 and G2.
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and atomic force microscopy (AFM)) and theoretical modeling
supported the proposed stacked helical structure. As a result, a
theoretical model for guests adsorbing to a discrete linear
template was developed and used to analyze and calculate the
energetics of both host–guest and guest–guest interactions.
Alternatively, rigid rod-like molecules have been used to
template monodisperse, stacked structures71 and the assembly
of synthetic ion channels and pores.72 When NDIs
were attached to the rigid rod template 7, the combination
of hydrogen bonds between the NDI chains and aromatic
interactions between the NDIs themselves resulted in the
self-assembly of a ‘‘closed’’ p-helix channel A (Fig. 6).73,74
Addition of the electron rich DAN ligand 8 resulted in an
opened ion channel, presumably the p-barrel form B, as
observed during the collapse of a pH gradient followed by
ratiometric changes in dye emission. The proposed 8-stack
p-helix structure A is chiral and CD active whereas the
proposed 11-stack p-barrel structure B is CD-silent. Modification
of the NDI panels provided a red-fluorescent p-M-helix,
with similar structural behavior.75,76 The photoactive p-helix
oxidizes external EDTA and reduces internal quinone
upon irradiation. Addition of DAN ligands terminates the
photo-oxidation process due to structural reorganization.
Hydrogen bond directed interdigitation of aromatic panels
attached to a rigid-rod template has subsequently been
applied to the step-wise growth of stacked zipper architectures
tethered to gold surfaces.77–79 The exact structures of the
stacks are difficult to determine precisely but the zipper stacks
show promise for applications as supramolecular cascade n/p
heterojunctions.
2,6-Bis(2-oxazolyl)pyridine (PYBOX) is a well-known
transition metal ligand but also binds secondary dialkyl-
ammonium cations.80,81 Simply mixing PYBOX dimer 9 and
the oligomeric secondary dialkylammonium cation 10 gave
hydrogen-bonded ladder 11 in organic solvents (Fig. 7).82,83
The covalent dialkylammonium chain acts as the template and
establishes the number of ladder rungs. 1H NMR and UV-Vis
titrations indicated that three rung ladders were quantitatively
formed with simple benzyl or porphyrin spacers. Proton
shifts in the 1H NMR spectra indicated stacking interactions
between the aromatic rungs. The discrete, supramolecular
ladders are held together by hydrogen bonds and inter-rung
aromatic interactions and were observable by CSI-MS.
Recently, poly(trimethylene iminium trifluorosulfonimide)
(PTMI) containing 130 secondary dialkylammonium cations
was used to template the assembly of azobenzenes using
modified PYBOX dimers.84 When PYBOX dimers containing
DAN or NDI were mixed in the presence of PTMI, extended
charge-transfer complexes, presumably 2 : 1 supramolecular
ladders, were formed.85
3.2 Metal–ligand interactions
Similar to hydrogen bonds, metal–ligand interactions are
directional and well suited for the assembly of supramolecular
architectures.27,86–88 Unlike hydrogen bonds, coordination
(or dative) bonds vary significantly in strength and can
approach the stability of covalent bonds. Thus, metal–ligand
interactions provide a reversible and robust synthon for
self-assembly.
Nucleic acids that mimic canonical hydrogen bonded base
pairs but form metallo-base pairs including metal ions are
under active investigation and have successfully been inserted
into DNA helices.89–98 The hydroxypyridone nucleobase
H forms a stable metallo-base pair H–Cu2+–H and templates
the formation of duplex structures for 3- to 7- nucleotide
DNAs, d(50-GHnC-30) (where n = 1–5) through metal–ligand
interactions (Fig. 8). UV-Vis, ESI-TOF MS, circular dichroism
(CD), and continuous-wave electron paramagnetic resonance
(CW-EPR) spectra supported a Cu2+ mediated DNA helix
with Cu2+ ions and base pairs aligned in the standard stacked
manner. Spin–spin interactions were observed in the CW-ESR
spectra and were used to estimate a Cu2+–Cu2+ distance of
3.7 ! 0.1 A˚, similar to the separation of base pairs in natural
DNA. Taking advantage of automated DNA synthesizers, the
Fig. 6 Hydrogen bond assisted self-assembly of rigid rod 7 into the
quadruple 8-stack p-helix A and the opened 11-stack p-barrel B with
intercalated DAN ligand 8.
Fig. 7 Supramolecular ladders of aromatic porphyrin stacks tem-
plated via hydrogen bonds.
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and atomic force microscopy (AFM)) and theoretical modeling
supported the proposed stacked helical structure. As a result, a
theoretical model for guests adsorbing to a discrete linear
template was developed and used to analyze and calculate the
energetics of both host–guest and guest–guest interactions.
Alternatively, rigid rod-like molecules have been used to
template monodisperse, stacked structures71 and the assembly
of synthetic ion channels and pores.72 When NDIs
were attached to the rigid rod template 7, the combination
of hydrogen bonds between the NDI chains and aromatic
interactions between the NDIs themselves resulted in the
self-assembly of a ‘‘closed’’ p-helix channel A (Fig. 6).73,74
Addition of the electron rich DAN ligand 8 resulted in an
opened ion channel, presumably the p-barrel form B, as
observed during the collapse of a pH gradient followed by
ratiometric changes in dye emission. The proposed 8-stack
p-helix structure A is chiral and CD active whereas the
proposed 11-stack p-barrel structure B is CD-silent. Modification
of the NDI panels provided a red-fluorescent p-M-helix,
with similar structural behavior.75,76 The photoactive p-helix
oxidizes external EDTA and reduces internal quinone
upon irradiation. Addition of DAN ligands terminates the
photo-oxidation process due to structural reorganization.
Hydrogen bond directed interdigitation of aromatic panels
attached to a rigid-rod template has subsequently been
applied to the step-wise growth of stacked zipper architectures
tethered to gold surfaces.77–79 The exact structures of the
stacks are difficult to determine precisely but the zipper stacks
show promise for applications as supramolecular cascade n/p
heterojunctions.
2,6-Bis(2-oxazolyl)pyridine (PYBOX) is a well-known
transition metal ligand but also binds secondary dialkyl-
ammonium cations.80,81 Simply mixing PYBOX dimer 9 and
the oligomeric secondary dialkylammonium cation 10 gave
hydrogen-bonded ladder 11 in organic solvents (Fig. 7).82,83
The covalent dialkylammonium chain acts as the template and
establishes the number of ladder rungs. 1H NMR and UV-Vis
titrations indicated that three rung ladders were quantitatively
formed with simple benzyl or porphyrin spacers. Proton
shifts in the 1H NMR spectra indicated stacking interactions
between the aromatic rungs. The discrete, supramolecular
ladders are held together by hydrogen bonds and inter-rung
aromatic interactions and were observable by CSI-MS.
Recently, poly(trimethylene iminium trifluorosulfonimide)
(PTMI) containing 130 secondary dialkylammonium cations
was used to template the assembly of azobenzenes using
modified PYBOX dimers.84 When PYBOX dimers containing
DAN or NDI were mixed in the presence of PTMI, extended
charge-transfer complexes, presumably 2 : 1 supramolecular
ladders, were formed.85
3.2 Metal–ligand interactions
Similar to hydrogen bonds, metal–ligand interactions are
directional and well suited for the assembly of supramolecular
architectures.27,86–88 Unlike hydrogen bonds, coordination
(or dative) bonds vary significantly in strength and can
approach the stability of covalent bonds. Thus, metal–ligand
interactions provide a reversible and robust synthon for
self-assembly.
Nucleic acids that mimic canonical hydrogen bonded base
pairs but form metallo-base pairs including metal ions are
under active investigation and have successfully been inserted
into DNA helices.89–98 The hydroxypyridone nucleobase
H forms a stable metallo-base pair H–Cu2+–H and templates
the formation of duplex structures for 3- to 7- nucleotide
DNAs, d(50-GHnC-30) (where n = 1–5) through metal–ligand
interactions (Fig. 8). UV-Vis, ESI-TOF MS, circular dichroism
(CD), and continuous-wave electron paramagnetic resonance
(CW-EPR) spectra supported a Cu2+ mediated DNA helix
with Cu2+ ions and base pairs aligned in the standard stacked
manner. Spin–spin interactions were observed in the CW-ESR
spectra and were used to estimate a Cu2+–Cu2+ distance of
3.7 ! 0.1 A˚, similar to the separation of base pairs in natural
DNA. Taking advantage of automated DNA synthesizers, the
Fig. 6 Hydrogen bond assisted self-assembly of rigid rod 7 into the
quadruple 8-stack p-helix A and the opened 11-stack p-barrel B with
intercalated DAN ligand 8.
Fig. 7 Supramolecular ladders of aromatic porphyrin stacks tem-
plated via hydrogen bonds.
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CHAPTER(I(  Introduction 
 
   5 
moieties (such as oligophenylenevinilene (OPV), oligophenyleneethinylene (OPE), perylene bisimides 
(PBI), etc.) and H-bonds recognition sites (such as triazines, acetamidopyridines, ureidopyrimidones, 
etc.), it was possible to develop an impressive range of hierarchically-organized supramolecular 
nanomaterials (Figure 1.3).[27]  
 
Figure 1.3 Molecular structure (a) and optimized geometry (b) of an OPV derivative functionalized with a barbituric moiety 
able to self-assemble into nanoring on mica surface, as shown by AFM analysis (c). Schematic representation of the nano-
ring dimensions, all the values are reported in nanometres. Schematic depiction of the self-organization process of a 
dihydroxy OPV building block into helical nanofibers (e). Example of the supramolecular polymerization of a perylene 
diimide derivative through H-bonds assisted by π-π interactions.[27] 
If exploited in an opportune way, the presence of moieties that can originate secondary interactions 
(such as π-π interactions, van der Waals, or dipole-dipole interactions) can have a positive influence 
on the assembly process, not only inducing an increase of the association constant of the single 
molecules, but also resulting in a more efficient control on the geometrical properties of the final 
aggregates. A more exhaustive discussion of the mechanism adopted for the preparation of 
nanostructured material via H-bonds system will be introduced into the second part of this chapter. 
  
1.2.2 Metal–Ligand Interactions 
Like H-bonds, metal–ligand interactions are directional and well suited for the pre-programmed 
assembly of supramolecular architectures.[28] Coordination (or dative) bonds vary significantly in 
strength and can approach the stability of covalent bonds. Therefore metal-ligand interactions provide 
a reversible and powerful tool for the design of supramolecular systems. One of the most interesting 
strategies, used for the preparation of nanostructured materials through coordinative interactions, is 
based on the metal mediated self-assembly between macrocyclic units containing a metal atom in their 
inner cavity.[29] For this purpose porphyrins derivatives are nowadays among the most exploited 
systems, due to their peculiar structural and electronic properties.  
Porphyrins are shape-persistent and conjugated macrocycles comprised of four pyrrolic subunits that 
are interconnected by methine bridges. These heterocycles can be used as proligands to coordinate 
various metals in their central cavities. The structural and electronic characteristics of their π-
conjugated backbone, of the metal centre and of the functional groups appended to the periphery 
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Several proteins are known to exhibit unique dynamic self-
organization processes involving ring-shaped and extended nano-
structures triggered by chemical stimuli. An excellent example is
tobacco mosaic virus coat protein, in which the ring (disk)-to-
helical-coil transition can be regulated by pH or ionic strength even
in the absence of RNA.1 The ! protein of the bacteriophage λ self-
assembles into rings that are transformed into helically elongated
filaments by the action of DNA.2 Exploitation of synthetic molecular
building blocks that show such smart self-organization processes
leading to dynamically tunable nanostructures3 is therefore an
important step toward the mimicking of artificial biological sys-
tems.4 Several self-assembling systems, such as amphiphilic triblock
copolymers,5 amphiphilic dumbbell-shaped small molecules,6 pro-
teins,7 organometallic complexes,8 and hydrogen-bonded supramo-
lecular disks,9 have been shown to spontaneously form ring-shaped
nanostructures.10 However, transformation of rings into coils as
observed in biological assemblies has never been realized with
artificial systems. Herein we demonstrate an unprecedented dynamic
self-assembly of a synthetic rigid molecule into either nanorings
or nanocoils driven by a concentration gradient in an aliphatic
solvent.11
Compound 112 consists of a barbituric acid (BAR) hydrogen-
bonding headgroup, an oligo(p-phenylenevinylene) (OPV) pi-con-
jugated segment,13 and a wedge-shaped tridodecyloxybenzyl (TDB)
tail (Figure 1).14 1 is considerably soluble (cmax ) 1 × 10-3 M) in
methylcyclohexane (MCH) upon gentle heating. The resulting
orange solutions of 1 are stable for over 1 month. UV-vis spectra
of the MCH solutions showed a strong hypochromic effect relative
to those of THF solutions (ε ) 43 100 f 24 300 M-1 cm-1; Figure
S1 in the Supporting Information), indicating the self-assembly of
1. Temperature-dependent UV-vis measurements in MCH (c ) 1
× 10-5 M) gave a reversible spectral change between 60 and 110
°C, below which only a marginal spectral change was observed.
This observation demonstrates the formation of fairly stable
assemblies.
To our surprise, closed ring-shaped nanostructures (nanorings)
were visualized by atomic force microscopy (AFM) analysis when
1 was drop-cast or spin-coated onto highly oriented pyrolytic
graphite (HOPG) from an MCH solution at c) 2× 10-5 M (Figure
2a). Spinning did not induce any morphological differences (Figures
S2 and S3). The dimensions of nanorings were surprisingly uniform,
and the average values are shown in Figure 2c. The outer and inner
diameters were typically 38 and 14 nm, respectively. The typical
cross-sectional width and thickness were 8.0 and 2.6 nm, respec-
tively,15 demonstrating a flat, tapelike organization of 1. Spontane-
ous formation of nanorings in solution without the aid of a dewetting
process on the substrate16 was evident from the observation of two
partially overlapping nanorings, and the overlapping part gave a
height of 4 nm (Figure 2b). This is further supported by the AFM
observation using hydrophilic mica as a substrate, which showed
almost the same ring-shaped nanostructures (Figure S4). Transmis-
sion electron microscopy (TEM) observations of the assemblies
dip-coated on a carbon film also confirmed the formation of
nanorings (Figure 2d and Figure S5).
Open-ended nanofibers with a variety of morphologies, such as
curved fibers (Figure 2e), spirals (Figure 2f),17 and double spirals
† Chiba University.
‡ PRESTO, JST.
§ NIIST.
| AIST.
Figure 1. (left) Molecular structure and (right) CPK model of 1.
Figure 2. (a, b, e-g) AFM height images of a sample prepared by drop-
casting of an MCH solution of 1 (c ) 2 × 10-5 M) onto HOPG (z scale:
20 nm). Panel (b) is a magnified image of the circled region in (a), and its
inset shows the cross section along the white line in (a). (c) Schematic
illustration and typical dimensions (nm) of the nanoring as estimated by
AFM. (d) TEM image of a single nanoring.
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5. Helicity via Chirality Induction: The
“Sergeant and Soldiers” Effect
Induction and amplification of molecular chirality in
dynamic hydrogen-bonded assemblies have been a sub-
ject of considerabl interest. Co-assembly of achiral
molecules with a small amount of chiral molecules may
bias the overall organization of the molecular assemblies
resulting in helical supramolecular structures with a
preferred handedness. This is known as the “sergeant and
soldiers” effect.19 In this approach, the helicity of the
majority of the soldiers (achiral molecules) is decided by
the chiral features of the minority sergeants (chiral
molecules). Contrary to this general observation, we found
that the gel-forming chiralOPV3with achiralOPV1 results
in the inversion of helicity during coassembly.20 This is
followed by a reversal of the original helicity when the
concentration of the chiral OPV is increased, which is clear
from the CD signal changes during the coassembly of the
two components at different compositions (Figure 8a,b).
Under very low concentrations of OPV3 (as low as 1.67
mol %), a near mirror image relationship could be seen
to that of the original CD of OPV3 (Figure 8a, inset). The
intensity of the inverted CD signal kept on increasing until
the composition of the chiral OPV reached 22 mol %.
Further addition decreases the CD intensity, eventually
regaining the native CD of the chiral molecule (Figure 8b).
This is clear from the plot of the CD intensity against the
mol fraction of OPV3 (Figure 8c). The chirality transfer
and amplification in the coassembly are clear from the
comparison of the CD intensities ofOPV3 alone with those
of the co-assemblies up to a concentration of 1.6 × 10-4
M (Figure 8d).
FIGURE 7. Schematic representation of the hierarchical self-assembly of OPV3 into helical coiled-coil supramolecular structures. A magnified
AFM image of the coiled-coil rope is shown on the right.
FIGURE 8. CD spectra of the coassembly of OPV1 and OPV3 in dodecane (7.5 × 10–4 M) at different compositions: (a) 0–22 mol % of OPV3;
the inset shows the mirror-image relationship of the CD spectra of OPV3 and the OPV1–OPV3 coassembly at 1.67 mol % ; (b) 23–100 mol %
OPV3; (c) variation of CD intensity at 420 nm with increasing mole fraction (!) of OPV3 at a total concentration of 7.5× 10–4 M in dodecane;
(d) plots of CD intensity at 420 nm against the concentrations of OPV3 in the homoassembly and coassembly.
pi-Organogels of p-Phenylenevinylenes Ajayaghosh and Praveen
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Several proteins are known to exhibit unique dynamic self-
organization processes involving ring-shaped and extended nano-
structures triggered by chemical stimuli. An excellent example is
tobacco mosaic virus coat protein, in which the ring (disk)-to-
helical-coil transition can be regulated by pH or ionic strength even
in the absence of RNA.1 The ! protein of the bacteriophage λ self-
assembles into rings that are transformed into helically elongated
filaments by the action of DNA.2 Exploitation of synthetic molecular
building blocks that show such smart self-organization processes
leading to dynamically tunable nanostructures3 is therefore an
important step toward the mimicking of artificial biological sys-
tems.4 Several self-assembling systems, such as amphiphilic triblock
copolymers,5 amphiphilic dumbbell-shaped small molecules,6 pro-
teins,7 organometallic complexes,8 and hydrogen-bonded supramo-
lecular disks,9 have been shown to spontaneously form ring-shaped
nanostructures.10 However, transformation of rings into coils as
observed in biological assemblies has never been realized with
artificial systems. Herein we demonstrate an unprecedented dynamic
self-assembly of a synthetic rigid molecule into either nanorings
or nanocoils driven by a concentration gradient in an aliphatic
solvent.11
Compound 112 consists of a barbituric acid (BAR) hydrogen-
bonding headgroup, an oligo(p-phenylenevinylene) (OPV) pi-con-
jugated segment,13 and a wedge-shaped tridodecyloxybenzyl (TDB)
tail (Figure 1).14 1 is considerably soluble (cmax ) 1 × 10-3 M) in
methylcyclohexane (MCH) upon gentle heating. The resulting
orange solutions of 1 are stable for over 1 month. UV-vis spectra
of the MCH solutions showed a strong hypochromic effect relative
to those of THF solutions (ε ) 43 100 f 24 300 M-1 cm-1; Figure
S1 in the Supporting Information), indicating the self-assembly of
1. Temperature-dependent UV-vis measurements in MCH (c ) 1
× 10-5 M) gave a reversible spectral change between 60 and 110
°C, below which only a marginal spectral change was observed.
This observation demonstrates the formation of fairly stable
assemblies.
To our surprise, closed ring-shaped nanostructures (nanorings)
were visualized by atomic force microscopy (AFM) analysis when
1 was drop-cast or spin-coated onto highly oriented pyrolytic
graphite (HOPG) from an MCH solution at c) 2× 10-5 M (Figure
2a). Spinning did not induce any morphological differences (Figures
S2 and S3). The dimensions of nanorings were surprisingly uniform,
and the average values are shown in Figure 2c. The outer and inner
diameters were typically 38 and 14 nm, respectively. The typical
cross-sectional width and thickness were 8.0 and 2.6 nm, respec-
tively,15 demonstrating a flat, tapelike organization of 1. Spontane-
ous formation of nanorings in solution without the aid of a dewetting
process on the substrat 16 was evident fr m the observation of two
partially overlapping nanorings, and the overlapping part gave a
height of 4 nm (Figure 2b). This is further supported by the AFM
observation using hydrophilic mica as a substrate, which showed
almost the same ring-shaped nanostructures (Figure S4). Transmis-
sion electron microscopy (TEM) observations of the assemblies
dip-coated on a carbon film also confirmed the formation of
nanorings (Figure 2d and Figure S5).
Open-ended nanofibers with a variety of morphologies, such as
curved fibers (Figure 2e), spirals (Figure 2f),17 and double spirals
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Figure 1. (left) Molecular structure and (right) CPK model of 1.
Figure 2. (a, b, e-g) AFM height images of a sample prepared by drop-
casting of an MCH solution of 1 (c ) 2 × 10-5 M) onto HOPG (z scale:
20 nm). Panel (b) is a magnified image of the circled region in (a), and its
inset shows the cross se tion along the whit line in (a). (c) Schematic
illustration and typical dimensions (nm) of the nanoring as estimated by
AFM. (d) TEM image of a single nanoring.
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Several proteins are known to exhibit unique dynamic self-
organization processes involving ring-shaped and extended nano-
structures triggered by chemical stimuli. An excellent example is
tobacco mosaic virus coat protein, in which the ring (disk)-to-
helical-coil transiti n can be regulated by pH or ionic strength even
in the absence of RNA.1 The ! protein of the bacteriophage λ self-
assembles into rings that are transformed into helically elongated
filaments by the action of DNA.2 Exploit tion of synthetic molecular
building blocks that show such smart self-organiz tion processes
leading to dynamically tunable nanostructures3 is therefore an
important step toward the mimicking of artificial biological sys-
tems.4 Several self-assembling systems, such as amphiphilic triblock
copolymers,5 amphiphilic dumbbell-shaped small molecules,6 pro-
teins,7 organometallic complexes,8 and hydrogen-bonded supramo-
lecular disks,9 have been shown to spontaneously form ring-shaped
nanostructures.10 However, transformation of rings into coils as
observed in biological assemblies has never been realized with
artificial systems. Herein we demonstrate an unprecede ted dynamic
self-assembly of a synthetic rigid olecule into either nanorings
or nanocoils driven by a concentration gradient in an aliphatic
solvent.11
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jugated segment,13 and a wedge-shaped tridodecyloxybenzyl (TDB)
tail (Figure 1).14 1 is considerably soluble (cmax ) 1 × 10-3 M) in
methylcyclohexan (MCH) upon gentle heating. The resulting
orange solutions of 1 are stable for over 1 month. UV-vis spectra
of the MCH solutions showed a strong hypochromic effect relative
to those of THF solutions (ε ) 43 100 f 24 300 M-1 cm-1; Figure
S1 in the Supporting Informati n), indicating the self-assembly of
1. Temperature-dependent UV-vis mea ur ments i MCH (c ) 1
× 10-5 M) gave a reversible spectral change betwe n 60 and 110
°C, below which only a marginal spectral change was observed.
This observation demonstrates the formation of fairly stable
assemblies.
To our surprise, closed ring-shaped nanostructures (nanorings)
were visualized by atomic force microscopy (AFM) analysis when
1 was drop-cast or spin-coated onto highly oriented pyrolyt c
graphite (HOPG) from an MCH solution at c) 2× 10-5 M (Figure
2a). Spinning id not induce any m rphological differences (Figures
S2 and S3). The dimensions of nanorings were surprisingly uniform,
and the average v l re shown in Figure 2c. The outer a d inn r
diameters were typically 38 and 14 nm, respectively. The typical
cross-sectional idth and thickness were 8.0 and 2.6 nm, respec-
tively,15 demonstr flat, tapelike organizati n of 1. Spontane-
ous formation of n s in solution without the aid of a dewetting
process on the substrate16 as evident from the observation of two
partially overlapping nanorings, and the overlapping part gave a
height of 4 m (Figure 2b). This is further supported by the AFM
observation using hydro hilic mica as a subst ate, which showed
alm st the same ring-shaped nanostructures (Figur S4). Tran mis-
sion electron microscopy (TEM) observations of the assemblies
dip-c ated on a carbon film also confirmed the formation of
nanorings (Figure 2d and Figure S5).
Op n-ended nanofib rs with a variety of morph logies, such as
curved fibers (Figure 2e), spirals (Figure 2f),17 nd d uble spirals
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Figure 1. (left) Molecular structure and (right) CPK model of 1.
Figure 2. (a, b, e-g) AFM height images of a sample prepared by drop-
casting of an MCH solution of 1 (c ) 2 × 10-5 M) onto HOPG (z scale:
20 nm). Panel (b) is a mag ified image of the circled region in (a), and its
inset shows the cross section alon the white line in (a). (c) Schematic
illustration and typi l dimensions (nm) of the nanoring as esti ated by
AFM. (d) TEM i a single nanoring.
Published on Web 03/26/2009
10.1021/ja9005892 CCC: $40.75 © 2009 American Chemical Society5408 9 J. AM. CHEM. SOC. 2009, 131, 5408–5410
Reversible Transformation between Rings and Coils in a Dynamic
Hydrogen-Bonded Self-Assembly
Shiki Yagai,*,†,‡ Shun Kubota,† Hikaru Saito,† Kanako Unoike,† Takashi Karatsu,† Akihide Kitamura,†
Ayyappanpillai Ajayaghosh,§ Masatoshi Kanesato,| and Yoshihiro Kikkawa*,|
Department of Applied Chemistry and Biotechnology, Graduate School of Engineering, Chiba UniVersity,
1-33 Yayoi-cho, Inage-ku, Chiba 263-8522, Japan, PRESTO, Japan Science Technology Agency (JST),
4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan, Photosciences and Photonics Group, Chemical Science and
Technology DiVision, National Institute for Interdisciplinary Science and Technology (NIIST), CSIR,
TriVandrum-695019, India, and Photonics Research Institute, National Institute of AdVanced Industrial Science and
Technology (AIST), 1-1-1 Higashi, Tsukuba, Ibaraki 305-8562, Japan
Received January 24, 2009; E-mail: yagai@faculty.chiba-u.jp; y.kikkawa@aist.go.jp
Several proteins are known to exhibit unique dynamic self-
organization processes involving ring-shaped and extended nano-
structures triggered by chemical stimuli. An excellent example is
tobacco mosaic virus coat protein, in which the ring (disk)-to-
helical-coil transition can be regulated by pH or ionic strength even
in the absence of RNA.1 The ! protein of the bacteriophage λ self-
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jugated segment,13 and a wedge-shaped tridodecyloxybenzyl (TDB)
tail (Figure 1).14 1 is considerably soluble (cmax ) 1 × 10-3 M) in
methylcyclohexane (MCH) upon g ntle heati g. The resulting
orange solution of 1 are stable for over 1 month. UV-vis spectra
of the MCH solutions sh ed strong h pochromic effect elative
to those of THF solutions (ε ) 43 100 f 24 30 -1 cm-1; Figure
S1 in the Supporting Information), indicating the self-as embly of
1. Temperatur -depende t UV-vis measurements in MCH (c ) 1
× 10-5 M) gave a r versible spectral change between 60 and 110
°C, below which only a ma ginal spectral change was observed.
This observation demo trates t e formation of fa r stable
assemblies.
To our surprise, closed ring-shaped nanostructures (n n rings)
were visualized by ato ic for e micr s opy (A M) analysis when
1 was drop-cast or spin-coated onto highly oriented pyr lytic
graphite (HOPG) from an MCH solution at c) 2× 10-5 M (Fig re
2a). Spinning did not induce any morphological differences (Figures
S2 and S3). The dimensions of nanorings were surprisingly uniform,
d the average values are shown in Figure 2c. The uter nd inner
d am ters were typically 38 and 14 nm, respectively. The typical
cross-sectio al widt a d thickn ss were 8.0 and 2.6 m respec-
t vely,15 demonstrating a flat, tapelike organization of 1. Spo tane-
ous formation o nan rings in s lution without t e aid of a dewetting
proc s n the substrate16 was evident from the observation of two
par ially overl pping nanorings, and the overlapping part gave a
height of 4 n (Figure 2b). This is further supported by the AFM
observation using hydrophilic mica as a substrate, which showed
almost the same ring-shaped nanostructures (Figure S4). Transmis-
sion electron microscopy (TEM) observations of the assemblies
dip-coated on a carbon film also confirmed the formation of
nanorings (Figure 2d and Figure S5).
Open-ended nanofibers with a variety of orphologies, such as
c rved fibers (Figure 2 ), spirals (Figure 2f),17 and double spirals
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Figure 1. (left) Molecular structure and (right) CPK model of 1.
Figure 2. ( , b, e-g) AFM height imag s of a sample prepared by drop-
c sting of a MCH olution of 1 (c ) 2 × 10-5 M) to HOPG (z scale:
20 nm). Panel (b) is a magnified image of the circled region in (a), and its
inset shows the cross section along the white line in (a). (c) Schematic
illustration and typical di ensio s (nm) f the nanoring as estimated by
AFM. (d) TEM image f a i gle nanoring.
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explanation for the organization of PBI 1 in the red-colored
state. Our interpretation is that in PBI 1 aggregates, the
molecules are rotationally displaced along the direction of the
p stack (Fig. 4, top) which is the most common situation for
PBI dye aggregates in solution,[4] but most rare situation for
th packing of PBIs in the solid state (notably, only one such
example is given among 18 crystal structures discussed by
Graser and Klebe et al.[2] and this example revealed the most
hypsochromic absorption maximum at 500 nm). By contrast, in
the case of PBI 2 the molecules pack with a significant
longitudinal displacement[11] (Fig. 4, bottom) as present in all
black pigments. Packing models for PBIs 1 and 2 indicate
indeed the possibility of a structural transition by means of a
simple rotation around the CH2–Namide bond, for which the
amide–amide hydrogen bonds and the perylene p–p-stacking
interactions along a one-dimensional stack of PBI molecules
are maintained (Fig. 4). For the ‘‘red’’ conformation, the
perylene cores are stacked on top of each other with a very
small longitudinal displacement, whilst for the ‘‘black’’
conformation a longitudinal displacement of about 3.3 A˚ is
given.[12] Such a pronounced longitudinal displacement is
in perfect accordance with the longitudinal displacements
observed for b ack PBI pigments.[2] Likewise, exciton coupl ng
theory[13] predicts a hypsochromic shift for the former
aggregate and a bathochromic shift for the later aggregate,
in accordance with our UV-vis spectroscopy results.
In conclusion, we have reported here the unexpected
formation of PBI dye aggregates with strongly bathochromi-
cally shifted J-type absorption bands in solution nd in the
organogel state from core-unsubstituted PBIs upon a subtle
variation of the peripheral alkyl side chains. The combination
of intense absorbance over the whole visible range leading to a
dark green to almost black color and the ability to form defined
extended supramolecular networks in various kinds of organic
media will offer unique possibilities for these materials as
photosensory systems or as n-type semiconductors in organic
bulk heterojunction solar cells. Our current research in this
area is directed along this line.
Experimental
Experimental details, including synthetic procedures for PBI 2, are
given in the Supporting Information.
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[1] a) W. Herbst, K. Hunger, Industrial Organic Pigments: Production,
Properties, Applications, 2nd ed., Wiley-VCH, Weinheim, Germany
1997. b) For a review on self-organized architectures based on cor-
e-substituted perylene bisimide, see: F. Wu¨rthner, Pure Appl. Chem.
2006, 78, 2341.
Figure 3. AFM height (A,B,C) and phase (D) images of films spin-coated
from diluted gel solutions of 2 in MCH (0.6mM) onto HOPG (A,B) and in
toluene (0.2mM) onto silicon wafer (C,D). The white scale bar in images
A,B and C,D corresponds to 100 and 200 nm, respectively. The z scale is
8 nm in (A,B) and 9 nm in (C,D). The inset in (B) shows the cross-section
analysis along the yellow line.
Figure 4. Packing model for H-type PBI 1 (top) and J-type PBI 2 (bottom)
aggregates (Ar groups are defined in Fig. 1). In both cases only a dimeric
unit of the extended stack is displayed. For the top aggregate architecture, a
pronounced rotational displacement is given according to molecular
modelling because of a mismatch of the amide-amide hydrogen bonds
and p-p stacking distances [11]. These distances are nearly ideal for the
bottom structure (almost no rotation required) which may compensate for
a higher conformational energy due to the rotation of the CH2–Namide
bonds.
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media will offer unique possibilities for these materials as
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Several proteins a know to exhibit unique dy amic self
organization proces es involving ring-shaped and extended nano-
structures triggered by chemical stimuli. An excellent example is
tobacco mos ic virus coat protein, in which the ring (disk)-to-
helical-coil transition can be regula d by pH or ionic strength even
in the absence of RNA.1 Th ! protein of the bacteriophage λ self-
assembles into rings that are transformed i t helically el ngated
filame ts y the action of DNA.2 Exploitation of synthetic m lecular
building blocks that show such sm rt elf-organization proc sses
leading to dynamically tunable nano tructures3 is therefore an
imp rtant step toward the mimicking of artificial biological sys-
tems.4 Several self-assembling systems, such as mphiphilic triblock
copolymers,5 amphiphilic dumbbell-shaped small mol cul s,6 pr
t ins,7 organometallic complexes,8 and hydr gen-b nded supramo-
lecular disks,9 have been shown to s ontaneously form ring-shaped
nanostructures.10 However, transformation of rings into coils as
observed in biological assemblies h s never been realized with
artificial systems. Herein we demonstrat an unprec dented dynamic
self- ssembly of a syntheti rigid molecule into e ther n norings
or na ocoils driven by a concentration gradient in an aliphatic
solvent.11
Compoun 112 consists f a barbituric acid (BAR) hydroge
bonding headgroup, an oligo(p p enylenevinylene) (OPV) pi-con-
jugated segment,13 and a wedge-shaped tridodecyloxybenzyl (TDB)
tail (Figure 1).14 1 is considerably solubl (cmax ) 1 × 10-3 M) in
methylcyclohexane (MCH) upon ge tle he ting. The re ulting
range solutions of 1 are stable fo over 1 month. UV-vis spectra
of e MCH solutions showed a strong hypochromic effect relativ
to those of THF solutions (ε ) 43 100 f 24 300 M-1 c -1; Figure
S1 in the Supporting Information), indicating the self-assembly of
1. Temperature-dep ndent UV-vis measurements in MCH (c ) 1
× 10-5 M) gave a reversible spectral change between 60 and 110
°C, below wh ch only a marginal spect al cha ge was observed.
This observation demonstrates the formation of fairly stable
assemblies.
To our surprise, closed ring-shaped nanostructures (nanorings)
were visualized by atomic f rc microscopy (AFM) analysis when
1 was dr p-cast or spin-c ated ont highly oriented pyrolytic
graphite (HOPG) from an MCH solu ion at c) 2× 10-5 M (Figure
2a). Spinning did not induce any m phological differe ces (F gures
S2 and S3). The dimensions of nanori gs were surprisingly uniform,
and the ave ag values are shown in Figure 2c. The outer and inner
diamet rs were typically 38 and 14 nm, resp ctively. The typical
cross-sectional width and thickn ss we e 8.0 and 2.6 nm, respec
tively,15 demonstr ting a flat, tapelike organization of 1. Spontan -
ous formation of nanorings in olutio withou the aid of a dewet ing
rocess on the substrate16 was evident from the observation of two
partially overlapp ng nanorings, and the overlapping part gave a
height of 4 nm (Fi b). This is further supported by the AFM
observation using hilic mica as a substra e, which showed
almost the same ring-shaped nanostructures (Figure S4). Transmis-
sion electron microscopy (TEM) bservations of the assemblies
dip-coated on a carbon film also confirmed the formation of
nanori gs (Figure 2d and Figure S5).
Open-ended nanofib rs with a variety of morphologies, such a
curved fibers (Figure 2e), spirals (Figure 2f),17 and double spirals
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Figure 1. (left) Molecular structure and (right) CPK model of 1.
Figure 2. (a, b, e-g) AFM height images of a s mple prepared by drop-
casting of an MCH solutio of 1 (c ) 2 × 0-5 M) onto HOPG (z scale:
20 nm). Panel (b) is a magnified image of t e circl d region in (a), and its
inset sh ws the cross sectio along the white l ne in (a). (c) Schematic
illustration and typical dimensions ( m) of the nanoring as estimated by
AFM. (d) TEM image of a single nanoring.
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modify and control the ability of metalloporphyrins to self-assemble into different supramolecular 
nanostructures through non-covalent interactions.[30] In the last decades extensive efforts have been 
devoted to the development of multiporphyrin nanostructured materials due to their promising 
applications in molecular switching,[31] electronic[32] and photonic devices[33]. Taking advantage of 
metal–ligand coordination interactions, chemists have produced mono-, bi and tri-dimensional 
metalloporphyrin based nanomaterials.[28b] One of the first example of mono-dimensional 
multiporphyrin array based on metal ligand interactions was reported by Shinkai and co-workers who 
synthesized a porphyrin with eight pyridyl groups that self-assembles into a coordination polymer 
through Pd(II)-pyridine interactions with four cis-Pd(II) complexes (Figure 1.4a-b).[34] As a 
consequence of the self-assembly process when a chloroform solution of polymer was dried and 
viewed under TEM, the formation of long nanofibers with a diameters of ca. 10 nm was observed 
(Figure1.4c). 
 
Figure 1.4 Molecular structures (a) of the octapyridyl derivative 5 and the Palladium complex 6. Molecular representation 
(b) of the supramolecular nanostructure formed by the metal mediated assembly between 5 and 6 and TEM image (c) of the 
porphyrin based nanofibers.[34] PM3 optimized geometry (d) of the bipyridyl porphyrin derivative 7. UHV-STM image of the 
assembly obtained from the deposition of 7 on a Cu(111) surface, schematic representation with Hyperchem models (f) of the 
molecular structure of the porphyrin nanofibers on surface.[35] 
As a consequence of the coordinative nature of the interactions involved into the metal mediated self-
assembly process, the morphology of the nanostructures obtained by this approach is strictly related to 
the composition of the chemical environment in which it takes place. For this reason many 
investigations have been performed so far, in order to relate the effect of the solvent used during the 
nanostructure preparation to the morphology and the geometrical characteristic of the final aggregates, 
showing how through the use of the same building blocks, it is possible to achieve different types of 
nanostructured materials (i.e passing from hollow nanoparticles to discrete nanorods) by the simple 
2366 J.K.-H. Hui, M.J. MacLachlan / Coordination Chemistry Reviews 254 (2010) 2363–2390
Scheme 1. Synthesis of porphyrin coordination polymer 4.
Fig. 3. TEM image of the porphyrin nanofibers.
Copyright 2001 The Chemical Society of Japan. Reproduced with permission from
ref. [37].
possessesmany large cavities. As a result of these cavities, the poly-
mer can bind guest molecules such as 4,4′-trimethylenedipyridine,
inwhich each of the two pyridyl units coordinates to the axial posi-
tion of different Zn(II) centers and bridge two porphyrin planes.
The inclusion of various guest molecules in the cavities of the poly-
meric structure, where they can interact with the metal and the
!-conjugated system, can potentially tune the properties of the
porphyrin nanofibers.
Phthalocyanines are chemical cousins of porphyrins – related,
but different – that have received attention due to their opti-
cal, catalytic, electronic, photonic, and chemical sensing properties
[38]. Phthalocyanines are generally easier to prepare than por-
phyrins, and this has helped them to flourish. Like porphyrins,
phthalocyanines are capable of assembling into one-dimensional
supramolecular structures through non-covalent intermolecular
interactions. Many polymeric superstructures have been prepared
and analyzed in solution. Tung and co-workers reported the
preparation of Zn(II)-containing phthalocyanines with four ary-
loxy substituents (5a and 5b, Fig. 4) [39]. In solution, J-aggregates
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Scheme 1. Synthesis of porphyrin coordination polymer 4.
Fig. 3. TEM image of the porphyrin nanofibers.
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are well documented in literature.18,22 The lower t-Bu from each
meso-position are going to act as legs, interacting through van
der Waals forces with the metallic substrate and decoupling the
core of the porphyrin macrocycle from the substrate (cf. Chart
1d). In addition, MM+ molecular mechanics simulations show
that the PhCtCPyr legs are quite flexible (cf. Supporting
Information, Figure S1). The angle γ between the meso
PhCtCPyr leg and the porphyrin core can vary from the
equilibrium position up to 15° degrees toward the t-Bu2Ph
substituents with an energy cost of less than 20 kcal/mol. Due
to the conformational properties, i.e., the flexibility of the
PhCtCPyr substituents and the rotability of all meso-substit-
uents, t-Bu2Ph groups included, tetrapyrrolic module 1 decon-
volutes into two stereoisomers upon surface confinement,18
which play a major role in the structure of the polymer chains.
Note that as a consequence of the t-Bu rotations there is a
collective macrocycle distortion similar to that reported before
for a related compound,27 which consists in two downward and
two upward twisted pyrroles. Very remarkably, the overall
intramolecular and molecule-substrate interactions favor the
exclusive existence of two conformers, in which the dihedral
angle of opposing substituents is converse. The possible
conformers, where the dihedral angle of opposing substituents
is the same, are not detected.
Figure 1a shows a large-scale STM image of the Cu(111)
surface after the deposition of 0.2 ML of module 1 at a substrate
temperature of 350 K. The surface steps appear completely
covered with molecules. Images taken at lower coverage (not
shown) indicate that the porphyrins decorate completely the
steps before spontaneous ordering takes place on the terraces,
indicating a high mobility at 350 K. At higher coverage,
porphyrin derivative 1 self-assembles into one-dimensional
chains of variable length and an apparent width of 19.5 Å, which
fits well to the lateral dimension of a single molecule flatly
adsorbed on the surface (cf. Chart 1a). Regarding the orientation,
all chains present a striking flexibility as we can distinguish
linear and curved segments. The autocorrelation plot, a math-
ematical tool to detect periodic patterns (Figure 1a, cf. Sup-
porting Information), clearly reveals periodic features with a
intermolecular center-to-center spacing of roughly 32 Å and
shows that chains are aligned within an (15° corridor with
respect to the dense-packed directions of the Cu(111) surface
atomic lattice (see below). In addition, most of the chains do
not interconnect to each other, even at higher coverage (Figure
1b), which testifies the presence of repulsive forces between
the chains, similarly encountered for H-bonded 1D surface-
confined polymers.29
Taking a closer look at the assemblies, we can resolve
individual molecul s (Figure 2a). The distance between the
centers of two adjace t molecules is 32.7 Å, in agre ment with
the autocorrelation plot displayed in Figure 1a. Based on the
molecular dimensions, this spacing indicates a distance of 3.6
Å between two N atoms of subsequent pyridyl grou s, large
enough for accommodati g a metal-orga ic bon ing interac-
tion, such as a two-fold pyrid l-Cu- yridyl coordination, with
a projected Cu-N distance of 1.8 Å (Figure 2b-d). At 350 K,
Cu(111) provides sufficient Cu adatoms on the surface to interact
with the pyridyl groups30 thus promoting the Cu-mediated head-
on coupling of two pyridyl functions.31-33 However, Cu centers
are not resolved in our STM images, in agreement with former
reports,8,10,11,34,35 presumably due to an electronic effect.7
(27) Fendt, L.; Sto¨hr, M.; Wintjes, N.; Enache, M.; Jung, T. A.; Diederich,
F. Chem.sEur. J. 2009, 15, 11139–11150.
(28) Hyperchem, version 7.5; HyperCube, Inc.: Gainesville, Florida, 2003.
(29) Barth, J. V.; Weckesser, J.; Cai, C.; Gu¨nter, P.; Bu¨rgi, L.; Jeandupeux,
O.; Kern, K. Angew. Chem. Int. Ed 2000, 39, 1230–1234. Schiffrin,
A.; Riemann, A.; Auwa¨rter, W.; Pennec, Y.; Weber-Bargioni, A.;
Cv tko, D.; Cossar , A.; Morgante, A.; Barth, J. V. Proc. N tl. Acad.
Sci. U.S.A. 2007, 104, 5279–5284.
(30) Karimi, M.; Tomkowski, T.; Vidali, G.; Biham, O. Phys. ReV. B 1995,
52, 5364. Perry, C. C.; Haq, S.; Frederick, B. G.; Richardson, N. V.
Surf. Sci. 1998, 409, 512.
(31) Eichberger, M.; Marschall, M.; Reichert, J ; Weber-Bargioni, A.;
Auwa¨rter, W.; Wang, R. L. C.; Kreuzer, H. J.; Pennec, Y.; Schiffrin,
A.; Barth, J. V. Nano Lett. 2008, 8, 4608.
(32) Klappenberger, F.; Weber-Bargioni, A.; Auwa¨rter, W.; Marschall, M.;
Schiffrin, A.; Barth, J. V. J. Chem. Phys. 2008, 129, 214702.
(33) Shi, Z.; Lin, N. ChemPhysChem 2010, 11, 97–100.
(34) Clair, S.; Pons, S.; Fabris, S.; Baroni, S.; Brune, H.; Kern, K.; Barth,
J. V. J. Phys. Chem. B 2006, 110, 5627.
(35) Classen, T.; Lingenfelder, M.; Wang, Y.; Chopra, R.; Virojanadara,
C.; Starke, U.; Costantini, G.; Fratesi, G.; Fabris, S.; de Gironcoli, S.;
Baroni, S.; Haq, S.; Raval, R.; Kern, K. J. Phys. Chem. A 2007, 111,
12589.
Chart 1. Porphyrin Derivative 1 Used as a Buildi g Bl ck for the
Coordination Polymersa
a (a) Molecular dimensions are extracted from PM3 calculations per-
formed using the HyperChem molecular modeling package.28 (b, c)
Schematic illustration of adsorption-induced molecular deformations result-
ing in conformational surface enantiomers " (b) and R (c). Rotation of the
t-Bu2Ph group results in one t-Bu constituent being higher than its
counterpart; angle γ of the PhCtCPyr leg can deviate from the intrinsic
value of 118°. (d) 3D view showing the converse rotation of opposite
t-Bu2Ph substituents.
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Recently, we ha e reported an id ntical coupling motif after
the deposition of a cis-like isomer of module 1 on Cu(111)
surfac s, which resulted, triggered by th different m lecular
symmetry, in the formation of macrocyclic supramolecules.21
Although the projected Cu-N distance is 1.8 Å, different
phenomena such as the bending of PhCtCPyr bi ding linkers
and the possible lifting of the metal center,36 considering that
Cu-pyridyl interaction is directional, could vary this distance.21
In full agreement with our results, nonflexible straight
metal-organic chains have been reported on Cu(100) based on
a two-fold coordination geometry between pyridyl functions and
Cu metal centers,8 with a Cu-N distance of 1.9 Å (theoretical
DFT simulations performed for an isolated pyridyl-Cu-pyridyl
complex gave a value of 1.8 Å).31 Alternatively, a 3D polymeric
network comprised of 2D Cu(HCO2)2 layers fused together by
linear pyrazine spac s (forming Cu-pyrazine-Cu ch ins) was
reported to show Cu-N distance of 2.0 Å as determined by a
X-ray diffraction analysis.37
In bulk coordination chemistry (i.e., at the solid state or in
solution), Cu(I) and Cu(II) metal ions typically coordinate to
pyridyl ligand with a f ur-fold symmetry;38 while the confine-
ment of molecular tectons to a surface induce unusual two-fold
coordination motifs,8,10,11,32,35 such as the pyridyl-Cu-pyridyl
interaction motif described here. The steric restriction among
the olecular building blocks and the charge equilibration
provided by the metal surface can favor reduced metal-ligand
coordination ratios.10 Although generally there is a repulsive
interaction among chains, they are sometimes interlocked.
Hereby we distinguish two different coupling schemes between
chains (cf. Supporting Information, Figure S2): (i) van der Waals
interactions between the pyridyl functions of one chain and the
t-Bu2Ph of another one and (ii) frequent three-fold Cu-mediated
coordination motifs that give rise to nodal arrangements. From
a statistical comparison between the Cu-coordinated motifs
(Figure 1) we can conclude that the two-fold motif is predomi-
nant. The abundance of the two-fold Cu-based coordination (and
thus the existence of linear assemblies as compared to bi-
dimensional networks bas d on trifurcated coordination nodes)
is tentatively explained by a considerable steric hindrance
between the three molecules in the node (cf. Supporting
Information, Figure S2).
Recently, the formation of chainlike structures for similar
trans-bis(4-cyanophenyl)-substituted molecules has been re-
ported,27,39 where the main difference with compound 1 is the
use of the cyanophenyl ligands instead of the pyridyl moieties
present in our molecular module. The binding motif is suggested
to be based on dipolar CN · · ·CN interactions together with
CN · · ·H-C hydrogen bonds. Judging from the published data,
these weaker interactions result in the formation of less linear
chains that are more frequently ramified by a trimeric motif as
compared to the coordination polym r reported here. An early
study by Yokoyama t al.40 already explored such CN · · ·CN
interactions to form sequential porphyrin aggregates. Hereby,
the elbows of the herringbone reconstruction of the Au(111)
surface proved c ucial t stabilize the chainlike assemblies. As
a consequence of the antiparallel coupling of the cyano groups,
including a lateral offset and th reduced length of their module,
the intermolecular distances are considerably shorter than in our
coordination polymers. The metal-ligand coupling motif re-
ported here (vide infra) results in an average chain length clearly
exceeding the reported values,40 independent of the substrate.
Figure 3 summarizes the assembling modes giving rise to
the different polymeric structures and their arrangements on the
surface (straight and zig-zag lines, turns, and U-turns). As a
result of the rotation of the t-Bu2Ph substituents and the
flexibility of the PhCtCPyr binding functions, the porphyrin
molecule presents two configurational enantiomers upon adsorp-
tion. These enantiomers, labeled as R and !, are depicted in
panels e-f of Figure 3. Statistical treatment shows that the R:!
ratio on the surface is 1:1. Both enantiomers are locked to the
substrate by an alignment of the double-lobed features (i.e., the
t-Bu2Ph) with the dense-packed directions of the Cu(111)
surface. Then, since Cu(111) is a fcc crystal, there are three
(36) Seitsonen, A. P.; Lingenfelder, M.; Spillmann, H.; Dmitriev, A.;
Stepanow, S.; Lin, N.; Kern, K.; Barth, J. V. J. Am. Chem. Soc. 2006,
126, 5634–5635.
(37) Manson, J. L.; Lecher, J. G.; Gu, J.; Giser, U.; Schlueter, J. A.;
Henning, R.; Wang, X.; Schultz, A. J.; Koo, H.-J.; Whangbo, M.-H.
Dalton Trans. 2003, 2905–2911.
(38) Osako, T.; Tachi, Y.; Taki, M.; Fukuzumi, S.; Itoh, S. Inorg. Chem.
2001, 40, 6604. Dietrich-Buchecker, C. O.; Guilhem, J.; Pascard, C.;
Sauvage, J. P. Angew. Chem., Int. Ed. 1990, 29, 1154.
(39) Wintjes, N.; Hornung, J.; Lobo-Checa, J.; Voigt, T.; Samuely, T.;
Thilgen, C.; Sto¨hr, M.; Diederich, F.; Jung, T. A. Chem.sEur. J. 2008,
14, 5794–5802.
(40) Yokoyama, T.; Yokoyama, S.; Kamikado, T.; Okuno, Y.; Mashiko,
S. Nature 2001, 413, 619–621.
Figure 1. STM images of a Cu(111) surface taken at 6 K after the evaporation of (a) 0.2 ML (V ) 1.0 V, I ) 0.25 nA) and (b) 0.4 ML (V ) -1.0 V, I
) 0.1 nA) of porphyrin 1 at a substrate temperature of about 350 K. Inset in (a): autocorrelation plot of image, where the dense-packed directions of the
Cu(111) surface are depicted in red.
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possible orientations of each enantiomer on the surface. In each
t-Bu2Ph substituent, one t-Bu group appears brighter than the
other. The PhCtCPyr functions form an angle of -15° or+15°
(enantiomer R and !, respectively) with respect to the dense-
packed directions of the substrate and, consequently, with respect
to the double-lobed features corresponding to the t-Bu2Ph
substituents. The likely origin of this nonparallel alignment of
the PhCtCPyr functions and the double-lobed t-Bu2Ph features
are detailed in the Supporting Information (Figure S1). As a
result of the existence of two enantiomers and three equivalent
orientations per enantiomer, there exists a set of different
chain-connector motifs (cf. Supporting Information, Figure S3),
the sequence of which decides chain morphology, allowing even
the existence of 1D supramolecular isomeric segments.
By a detailed analysis, checking the orientation of the
PhCtCPyr functions and the different apparent heights of the
t-Bu2Ph decorations, we observe that straight chains are formed
by the same enantiomer (R or !, Figure 3, panels g-i) while
zig-zag chains are constituted by an alternate sequence of R
and ! enantiomers (Figure 3, panels j-l).
In nice agreement with the corridor of the autocorrelation
plot depicted in Figure 1a, the mean orientation of the straight
chains is either -15° (consisting of enantiomers R, chain
segment in Figure 3, panels g and h) or +15° (consisting of
enantiomers !, not shown here) with respect to the close-packed
directions of the Cu(111) surface; whereas the zig-zag segments
are just parallel to them. Representing the extreme case for
curved chain segments, U-turns seem to be constituted by the
same enantiomer (R or !), but with adjacent linker units ‘locked-
in’ to a different (and consecutive) dense-packed direction of
the substrate. Panels m-o of Figure 3 nicely show the molecular
structure of a U-turn: starting from left to right, the first molecule
is ‘locked-in’ a high-symmetry direction followed by three
molecules that are each rotated by 60° with respect to their
respective consecutive neighbors. The fourth molecule in the
chain ends up having an orientation the same as that of the first
one, thus completing the U-turn. In addition, U-turns formed
by three molecules were also very rarely observed. In this
Figure 2. (a) High-resolution STM image of a straight coordination chain
segment of porphyrin derivative 1 on C (111) (V ) -1.0 V, I ) 77 pA).
(b) Schematic plot of the pyridyl-Cu-pyridyl linear chaining arrangement
(3D vi w). (c) Top-view model for the pyridyl-Cu-pyridyl coupling motif.
(d) Three-dimensional view and Hyperchem model of (a), displaying a string
consisting only of one surface enantiomer.
Figure 3. (a, b) STM images of the two conformational isomers R and !
of porphyrin derivative 1 on Cu(111). (c, d) Images (a and b) reproduced
in enhanced contrast to visualize the different apparent heights of the t-Bu
groups (cf. Chart 1b,c). The vertical line represents a dense-packed substrate
direction and thus a projection of the mirror plane. (e, f) Schematic
representation of both isomers. (g-i) Portion of straight chain constituted
only by R enantiomers. The chain direction includes an angle of 15° with
a dense-packed Cu(111) direction (red vertical line, the red star indicates
all dense-packed directions. (j-l) Zig-zag chains constituted by alternating
enantiomers; the overall segment orientation is aligned with a dense-packed
Cu(111) direction. (m-o) Example of a U-turn. Tunneling parameters:
(a-d), (g), (h), (j), (k): V ) 1.0 V, I ) 0.2 nA; (m and n): V ) 0.94 V,
I ) 0.36 nA.
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variation of the physico-chemical parameters of the solvent involved.  
The metal mediated self-assembly process was exploited not only in solution but also on surface[36] for 
the production of mono and bi-dimensional supramolecular arrays based on coordinative interactions. 
In this context the collaborative work between our group and the one of Barth is a clear example of 
how porphyrins modules can be exploited to construct one-dimensional (1D) metal-coordinated 
polymers both on Cu(111) and Ag(111) surfaces.[35] Indeed after the deposition of the A2B2 porphyrin 
derivative 7, bearing two pyridyl groups at the opposite meso-positions, the formation of a linear 
arrays of porphyrins was observed as a consequence of the directing coordinative interactions between 
the pyridyl nitrogens and the metal atoms present on the surface. 
A second approach widely employed for the preparation of nanomaterials based on coordinative 
interactions, consists into the formation of “linear coordination polymers”. Coordination polymers are 
reversible aggregates that can reversibly break and reconnect during their formations reactions, 
facilitating in this way the self-assembly process.[37] The use of the concept of extended metal–ligand 
interactions to construct different nanostructures provides a way to diversify the properties of the 
assemblies through the modification of the peripheral functionalities of the organic ligands or by 
varying the choice of metal centres.  
For instance, You and co-workers applied these concepts to obtain helical non-racemic polymers from 
imidazole substituted monomers.[38] The coordination polymers obtained were derived from the self-
assembly between Ag(I) ions and bent-shaped, achiral and ditopic imidazole derivatives 8 and 9 
(Figure 1.5a) . Such kind of polymers could gelatinize solvents including DMF, glycol, and mixtures 
of water and organic solvents. TEM images showed that the nanofibers obtained were composed by 
cylindrical aggregates with diameters of ca. 9 nm, lengths up to several microns with and helical pitch 
of ca. 8 nm (Figure 1.5b-d). 
 
Figure 1.5 Molecular structure of the imidazole substituted monomers 8 and 9. Schematic representation (b) of the formation 
of the helical coordination polymer gelators formed from 8 or 9 in presence of Ag+ ions. TM-AFM image (c, d) at different 
magnifications of the resulting xerogel, on a mica surface and TEM image (e) of an isolated helical fibers of the same 
Xerogel.[38] 
2376 J.K.-H. Hui, M.J. MacLachlan / Coordination Chemistry Reviews 254 (2010) 2363–2390
Fig. 22. Chemical structures of bisimidazole 20 and bisbenzimidazole 21.
shaped, achiral and ditopic imidazoles 20 and 21 (Figs. 22 and 23a).
They could gelatinize solvents including DMF, glycol, andmixtures
of water and organic solvents (e.g., methanol, ethanol, acetoni-
trile, chloroform, dichloromethane and toluene). The metallogels
were found to be stable for several months at room temperature
and in acidic conditions. Nonetheless, the gelation of the helical
coordination polymers is de endent on the counteranion of the
Ag(I) salts. For instance, AgNO3 andAgOSO2CF3 generate gels,while
only precipitates formedwith AgBF4 and AgSbF6. Investigations on
the assembled structure of the coordination polymer gel gener-
ated from imidazole 20 and AgNO3 were performed by TEM, SEM
and AFM (Fig. 23b–e). TEM images showed that the nanofibers are
cylindrical aggregates with diameters of ca. 9nm and lengths up to
several microns (Fig. 23b). Closer inspection of the fibers with AFM
revealed a helical structure with helical pitch of ca. 8nm (Fig. 23d).
In addition, an SEM image of the xerogel showed a well-defined
fibrous network structure (Fig. 23e). The helicity of the nanofibers
was further confirmedwith CD. Cotton effectswere observed in the
Fig. 24. Chemical structure of 4,4′-bis(1-imidazolyl)biphenyl (bibp, 22).
CD spectra; the sign of the CD signals, however, varied with differ-
ent batches of the gel prepared from the same materials. The CD
data indicated that there is no control over the handedness of the
helical non-racemic organization of the coordination polymers and
nanofibers.
You and co-workers further expanded their investigation of
coordination polymer gels in the absence of peripheral function-
ality, reporting the formation of a Zn(II)-containing metallogel
formed upon irradiation with ultrasound [60]. The coordination
polymer was prepared by reacting Zn(OSO2CF3)2 with the sim-
ple organic bridging ligand 4,4′-bis(1-imidazolyl)biphenyl (bibp,
22, Fig. 24). SEM of the self-assembled Zn(II) coordination poly-
mer revealed sheet-likemicroparticleswithuniformsize and shape
(Fig. 25a). Single crystals of the Zn(II) complex, obtained by slow
diffusion of dioxane into a DMSO solution of the coordination poly-
mer, were analyzed by X-ray diffraction and the structure revealed
that each Zn(II) center has tetrahedral coordination geometry,
bound to four imidazole nitrogen atoms from four different bibp
units (Fig. 25b). The nitrogen on the other end of the coordinated
bibp molecules bridges the neighboring Zn(II) centers, weaving a
Fig. 23. (a) Schematic representation of the formation of the helical coordination polymer gelators formed from 20 and 21. (b) TEM image of the dried gel (the sample was
negatively stained with uranyl acetate solution). The inset is a magnified image of the marked area. (c) AFM (height trace, tapping mode) image of the dried gel on a mica
surface. (d) A magnified AFM image of the marked area. (e) SEM image of the xerogel stained with gold.
Copyright 2008 The Royal Society of Chemistry. Reproduced with permission from ref. [59].
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bibp molecules bridges the neighboring Zn(II) centers, weaving a
Fig. 23. (a) Schematic representation of the formation of the helical coordination polymer gelators formed from 20 and 21. (b) TEM image of the dried gel (the sample was
negatively stained with uranyl acetate solution). The inset is a magnified image of the marked area. (c) AFM (height trace, tapping mode) image of the dried gel on a mica
surface. (d) A magnified AFM image of the marked area. (e) SEM image of the xerogel stained with gold.
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shaped,chiraladditopicimdazles20and21(Figs.22and23a).
ThycouldgelatinizesolvetsincludingDMF,glycol,admixures
ofwaterandorganicslvents(.g.,methanol,ethanol,acetni-
trile,chloroform,dichloromethaneandtoluene).Themetallogels
werefoundtobestableforseveralmonthsatroomtemperature
andinacidicconditions.Nonetheless,thegelationofthehelical
coordinationpolymersisdependentonthecounteranonofthe
Ag(I)salts.Forinstance,AgNO3andAgOSO2CF3generategels,while
onlyprecipitatesformedwithAgBF4andAgSbF6.Investigationson
theassembledstructureofthecoordinationpolymergelgener-
atedfromimidazole20andAgNO3wereperformedbyTEM,SEM
andAFM(Fig.23b–e).TEMimagesshowedthatthenanofibersare
cylindricalaggregateswithdiametersofca.9nmandlengthsupto
severalmicrons(Fig.23b).CloserinspectionofthefiberswithAFM
revealedahelicalstructurewithhelicalpitchofca.8nm(Fig.23d).
Inaddition,anSEMimageofthexerogelshowedawell-defined
fibrousnetworkstructure(Fig.23e).Thehelicityofthenanofibers
wasfurtherconfirmedwithCD.Cottoneffectswereobservedinthe
Fig.24.Chemicalstructureof4,4′-bis(1-imidazolyl)biphenyl(bibp,22).
CDspectra;thesignoftheCDsignals,however,variedwithdiffer-
entbatchesoftheglpreparedfromthesamematerials.TheCD
dataindicatedthatthereisnocontroloverhhanednssofthe
helicalnon-racmiorganizaioofthecoordiationpolymersand
nanofibers.
Youandco-workersfurtherexpandedtheirinvestigationof
coordinationpolymergelsintheabseneofperiperalfunction-
ality,reportingtheformationofaZn(II)-containingmetallogel
formeduponirradiationwithultrasound[60].Thecoordination
polymerwaspreparedbyreactingZn(OSO2CF3)2withthesim-
pleorganicbridginglignd4,4′-bis(1-imidazolyl)biphenyl(bibp,
22,Fig.24).SEMoftheself-assembledZn(II)coordinationpoly-
merrevealedsheet-likemicroarticleswithuniformsizeandshape
(Fig.25a).SinglecrystalsoftheZn(II)complex,obtainedbyslow
diffusionofdioxaneintoaDMSOsolutionofthecoordinationpoly-
mer,wereanalyzedbyX-raydiffractionandthestructurerevealed
thateachZn(II)centerhastetrahedralcoordinationgeometry,
boundtofourimidazolenitrogenatomsfromfourdifferentbibp
units(Fig.25b).Thenitrogenontheotherendofthecoordinated
bibpmoleculesbridgestheneighboringZn(II)centers,weavinga
Fig.23.(a)Schematicrepresentationoftheformationofthehelicalcoordinationpolymergelatorsformedfrom20and21.(b)TEMimageofthedriedgel(thesamplewas
negativelystainedwithuranylacetatesolution).Theinsetisamagnifiedimageofthemarkedarea.(c)AFM(heighttrace,tappingmode)imageofthedriedgelonamica
surface.(d)AmagnifiedAFMimageofthemarkedarea.(e)SEMimageofthexerogelstainedwithgold.
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shaped, achiral and ditopic imidazoles 20 and 21 (Figs. 22 and 23a).
They could gelatinize solvents including DMF, glycol, andmixtures
of water and organic solvents (e.g., methanol, ethanol, aceton -
trile, chloroform, dichloromethane and toluene). The metallog ls
were found to be stable for several months at room temperatur
and in acidic conditi ns. Nonetheless, the gelation of the lical
coord nation polymers is dependent on h coun eranion of the
Ag(I) salts. For instance, AgNO3 andAgOSO2CF3 g nerate gels,while
only precipitates formedwith AgBF4 and AgSbF6. Investigations on
the assembled structure of the coordination polymer gel gener-
ated from imidazole 20 and AgNO3 were perf rmed by TEM, SEM
and AFM (Fig. 23b–e). TEM images showed that the nanofibers are
cylindrical aggregates with diameter of ca. 9nm and lengths up to
several micr ns (Fig. 23b). Close inspection of t e fibers with AFM
revealed a helical structure with helical pitch of ca. 8nm (Fig. 23d).
In addition, an SEM image of the xerogel showed a well-defined
fibrous network structure (Fig. 23e). The helicity of the nanofibers
was further confirmedwith CD. Cotton effectswere observed in the
Fig. 24. Che ical structure of 4,4′-bis(1-imidazolyl)biphenyl (bibp, 22).
CD spectra; the sign of the CD signals, however, varied with differ-
ent batches of the gel prepared from the same materials. The CD
data indicated that there is no control over the handedness of the
helical non-racemic organization of the coordination polymers and
nanofib rs.
You co-workers further expanded their investigation of
coordination polym r gels in the absence of perip eral function-
ality, reporting t e f rmation of a Zn(II)-cont ining metallogel
formed upon irradiation with ul rasound [60]. The coordin tion
polymer was prepared by reacting Zn(OSO2CF3)2 w th the sim-
ple organic bridging ligand 4,4′-bis(1-imidazolyl)biphenyl (bibp,
22, Fig. 24). SEM of th self-assembled Zn(II) coordination poly-
m r revealed she t-likemicroparticleswithuniformsiz and shape
(Fig. 25a). Single crystal of the Zn(II) complex, obtained by slow
diffusio f dioxane into a DMSO solution of the coordin tion poly-
m , were analyzed by X-ray diffraction and the structure revealed
that each Zn(II) center has tetrahedral coordination geometry,
bound to four imidazole nitrogen atoms from four different bibp
units (Fig. 25b). The nitrogen on the other end of the coordinated
bibp molecules bridges the neighboring Zn(II) centers, weaving a
Fig. 23. (a) Schematic representation of the formation of the helical coordination polymer gelators formed from 20 and 21. (b) TEM image of the dried gel (the sample was
negatively stained with uranyl acetate solution). The ins t is a magnified image of the marked area. (c) AFM (height trace, tapping mode) image of the dried gel on a mica
surface. (d) A magnified AFM image of the marked area. (e) SEM image of the xerogel stained with gold.
Copyright 2008 The Royal Society of Chemistry. Reproduced with permission from ref. [59].
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CD spectra; the sign of the CD signals, however, varied with differ-
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data indicated that there is no control over the handedn ss of the
helical non-racemic organization of the coordination polymers and
nanofibers.
You and co-workers further expanded their investigation of
coordination polymer gels in th absence f peripheral function-
ali y, reporting the formation of a Zn(II)-containing metallogel
formed upon ir adiation with ultrasou d [60]. The coordination
polymer was prepared by reacting Zn(OSO2CF3)2 with the sim-
ple organic bridging ligand 4,4′-bis(1-imidazolyl)bip enyl (bibp,
22, Fig. 24). SEM of the self-assembled Zn(II) coordination poly-
mer revealed sheet-likemicroparticleswithuniformsize and shape
(Fig. 25a). Single crystals of the Zn(II) complex, obtained by slow
diffusion of dioxane into a DMSO soluti n of the coordination poly-
mer, wer analyzed by X-ray diffraction and the structure revealed
that each Zn(II) center has tetrahedral coordination geometry,
bound to four imidazole nitrogen atoms from four different bibp
units (Fig. 25b). The nitrogen on the other en of the oordinated
bibp molecules bridges th neighboring Zn(II) centers, weaving a
Fig. 23. (a) Schematic representation of the formation of the helical coordination polymer gelators formed from 20 and 21. (b) TEM image of the dried gel (the sample was
negatively stained with uranyl acetate solution). The inset is a magnified image of the marked area. (c) AFM (height trace, tapping mode) image of the dried gel on a mica
surface. (d) A magnified AFM image of the marked area. (e) SEM image of the xerogel stained with gold.
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Therefore nanostructures constructed from metal ions and organic bridging ligands into coordination 
polymers have been research targets of interest because they can be simple to synthesize, but offer 
plentiful opportunities for structural variation and potential access to useful properties. 
 
1.2.3 Aromatic-Aromatic Interactions 
Attractive interactions between aromatic systems have been extensively studied over the past 60 
years.[39] These interactions are mainly dominated by electrostatic forces, but are complicated by the 
various possible orientations of the aromatic moieties: edge-to face, stacked, and offset stacked.[40] 
Additionally, the large molecular surfaces involved increases the importance of van der Waals 
interactions and desolvation. In aqueous solution, desolvation of the flat p-surface of aromatics leads 
to the aggregation and stacked structures (i.e. the hydrophobic effect) and solubility of the aggregate is 
a major concern. At the present time aromatic interactions are commonly used to engineer and 
organize the structures of infinite assemblies in crystalline and liquid crystalline phases.[41] In this 
context alkoxy-substituted triphenylenes were among the first discotic molecules shown to be liquid 
crystalline.[42] Even if the aromatic core of triphenylenes is relatively small, polymerization of 
triphenylenes does occur in strongly apolar solvents such as hexadecane.[43] Basing on these data, 
different type of highly π-conjugated scaffolds have been chemically modified in order to induce the 
formations of columnar aggregates.[44] During these investigations numerous derivatives of molecules 
such as hexaperihexabenzocoronenes (HBC),[45] porphyrins [46] or phtalocyanine[47] have shown to 
originate the formation of highly order columnar assemblies able to induce the formation of 
nanostructured materials that can be potentially exploited as nanoelectronics components. Indeed in 
many cases it has been found that due to the favourable interaction between π orbitals of the single 
molecules along the stacks the conductivity of this latter was incredibly increased in respect to the one 
of the single components. In this context Aida and co-workers reported the supramolecular 
polymerization of amphiphilic HBC molecules functionalized with alkylic and triethyleneglycolic 
(TEG) chains (Figure 1.6 a), both in THF and THF/water mixtures, where the HBC core was used to 
produce conductive graphene-like nanotubes.[48] 
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Figure 1.6 Molecular structure (a) of the HBC derivatives 10 used by Aida and co-worker for the preparation of graphitic 
nanotubes. Graphical depiction (b) of the molecular orientation along the supramolecular polymer in two different solvent 
compositions (THF and THF/water).[48] Chemical formula of the HBC-PMI derivative 11 synthesized by Mullen and co-
worker (c) and the representation of its packing via π-π interactions (d). TM-AFM image of the needles formed after 
exposition to chloroform vapours of a mica substrate containing 11.[49] 
The HBCs formed a stacked bilayer structure (Figure 1.6b, c) where the alkyl tails are interdigitated in 
the center of the bilayer and the ethylene glycol tails are located at the periphery, allowing the 
aggregate to be soluble in polar solvents like THF and water. In a subsequent work of Mullen, the 
introduction of perilene derivatives as aromatic substituent on the periphery of the HBC core have 
proved to be necessary not only for the formation of nanoribbons (Figure 1.6d-f), but also for the fine 
tuning of the electronical properties of the final assembly.[49] Indeed through the introduction of a 
perylene monoimide (PMI) moiety, the formation of an electron donor/aceptor system between the 
electron rich coronene and the PMI subunits was formed. This dyad have tendency to self-assembly 
into ordered columnar arrangements. Moreover electrical measurements on the HBC-PMI derivative 
11 films and nanoribbons (Figure 1.6f) exhibit ambipolar transport with a well balanced p- and n-type 
mobility as a consequence of the increased level of the single aromatic components induced by the 
self-assembly process. 
 
1.2.4 Ionic Interactions 
Electrostatic interactions between static molecular charges tend to be relatively strong as well as 
direction-dependent and they are often of central importance into the molecular recognition process. 
The strength of such interactions is strictly related to the dielectric constant of the solvent used during 
the self-assembly process, providing in this way an efficient control on the association constant of the 
single modules.[50] Contrary to simple salt association, which results from the non-selectivity and long-
range character of the coulombic interactions, into the Ionic Self-Assembly (ISA) process the 
secondary structural elements present into the single building blocks have to support the alignment 
colored, sticky substance (Fig. 1C). Slow
diffusion of hexane vapor into a THF solu-
tion of 1 was effective for the controlled
growth of the self-assembled structure. On
isolation by filtration, the red-shifted ab-
sorption bands due to the !-stacked HBC
were considerably enhanced.
Scanning electron microscopy (SEM) of a
THF suspension of self-assembled 1, after
being air-dried, revealed the formation of
fibrous assemblies with an extremely high
aspect ratio (Fig. 3A). SEM of a filtered,
isolated sample showed bundles of the fi-
brous assemblies (Fig. 3B), whose open-end-
ed cross-sectional image demonstrates that
the fibers are tubular in morphology. Trans-
mission electron microscopy (TEM) of the
air-dried suspension demonstrated that the
tubes are straight and discrete with no detect-
able branched structures (Fig. 3C) and have a
uniform diameter of 20 nm (Fig. 3D). The
wall is estimated to be 3 nm thick, resulting in
an internal tube diameter of 14 nm. The
nanotube showed an electron diffraction pat-
tern with a scattering at 3.6 Å (Fig. 3D, inset),
which can be assigned to the plane-to-plane
separation of the !-stacked HBC units. This
value is comparable with that of the (002)
diffraction of graphite (3.35 Å). We also
found that the nanotubes are thermally stable,
as confirmed by SEM observation after heat-
ing the nanotubes to 100°C. Differential
scanning calorimetry of the nanotubes
showed an intense endothermic peak at
203°C upon first heating (fig. S3). Because
the resulting material still exhibited a bire-
fringence in polarized optical microscopy,
this endotherm is not due to isotropization but
to a transition to a liquid crystalline me-
sophase involving reorganization of the
!-stacked HBC 1.
The graphitic nanotube is one order of
magnitude larger in diameter than single-
walled carbon nanotubes, and only a few
tubular assemblies of small organic mole-
cules have been obtained in this size regime
(6). In contrast with symmetrically substitut-
ed HBC derivatives, which mostly form 3D
structures consisting of columnar stacks of
HBC units (11), the amphiphilic HBC (1)
reported here forms a discrete tubular nano-
structure with a curved 2D wall. We consider
that this tubular object is formed by r lling-
up of a 2D pseudo-graphite tape composed of
!-stacked 1 (Fig. 4). Indeed, when water
(20% v/v) was present during the self-assem-
bling process of 1 in THF, b th coiled and
tubular objects (Fig. 4, B and C) could be
observed by TEM (Fig. 3, E and F). Consid-
ering the molecular structure and dimensions
of amphiphilic 1, the wall thickness of the
nanotube (3 nm) suggests a bilayer structure
of the precursor tape (Fig. 4A). This bilayer
tape most likely consists of two single-lay-
ered graphitic tapes, each composed of bilat-
erally coupled 1D HBC columns. Here, the
long alkyl chains are interdigitated to hold the
bilayer structure, whereas the hydrophilic
TEG chains, located on the surface of the
tape, should suppress the formation of multi-
layer structures in a polar solvent such as
THF. Infrared spectroscopy of the nanotube
on a KBr plate (fig. S4) showed CH2 stretch-
ing vibrations at 2918 cm–1 (" anti) and 2849
cm–1 (" sym), indicating that the alkyl chains
are closely packed to form a crystalline do-
main. Furthermore, the hydrophilic nature of
t nanotube surf ce was confirmed by th
finding that a water droplet on a glass surface
spin-coated with tubularly assembled 1
showed a much smaller contact angle (45.5°)
than that on a surface coated with 1 from a
homogeneous solution (72.7°) (fig. S5).
Our nanotube is composed of a redox-
active component (18) and is expected to be
electroconductive when a charge carrier can
be generated in such a highly ordered !-elec-
tronic array. Upon addition of an equimolar
amount of nitrosonium tetrafluoroborate
(NOBF4), a one-electron oxidant (19), to the
nanotube in the solid state, new absorption
Fig. 2. Electronic absorption spectral change
of 1 in THF (1 mg/ml) at 30°C on rapid
cooling from 50°C in a quartz cell of 0.05-
mm path length. The spectra were taken with
a 3-min interval. (Inset) Electronic absorp-
tion spectrum of self-assembled 1 isolated as
a solid substance by filtration.
Fig. 3. Morphology of
self-assembled 1. (A)
SEM image of a sam-
ple prepared by drop-
ping a THF suspension
of self-assembled 1 (1
mg/ml) onto a silicon
substrate, and then
air-drying the suspen-
sion. Pt was sputter-
deposited on the sam-
ple before observa-
tion. Bar, 1 #m. (B)
SEM image of a solid
substance isolated by
filtration of a THF sus-
pension of 1 (1 mg/
ml). Bar, 100 nm. (C
and D) TEM images of
self-assembled 1. A
THF suspension of
self-assembled 1 (1
mg/ml) was diluted
10-fold with THF, and
then applied onto a
specimen grid covered
with a thin carbon
support film and air-
dried. (Inset) An elec-
tron diffraction pat-
tern of tubularly as-
sembled 1. Bars: (C)
200 nm, (D) 50 nm. (E
and F) TEM images of
self-assembled 1, ob-
tained as a suspension
in water-containing
THF. Water (20% v/v)
was added to a THF
solution of 1 at 50°C,
and the solution was
allowed to cool to
room temperature. For
imaging, the resulting suspension was treated in a manner similar to that described in (C) and (D). Bars:
(E) 200 nm, (F) 50 nm.
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The HBCs form d a stacked bilayer structure (Figure 1.6) were the alkyl tails are interdigitated in 
the center of the bilayer and the ethylene glycol tails are located at the periphery, allowing the 
aggregate to be soluble in polar solvents like THF and water. In related studies, they were able to 
covalently fix the supramolecular assemblies by redox-mediated polymerization,47 photo dimerization 
of coumarine48 and ring-opening metathesis polymerization.49 By aid of the latter Aida and co-workers 
were able to trap the intermediate nanocoil structure before the more stable nanotube was formed, 
showing that HBC’s can form different types of self-assembled structures.50 The formation of the 
nanotube or nanocoil depends highly on the solvent and the reaction time of the polymerization, 
where the nanotube proved to be the thermodynamically stable product. 
 
 
Figure 1.6. Schematic picture of the supramolecular polymer based on the HBC motif.11 
 
More recently, an elaborate study revealed the effect of the side groups o  the supramolecular 
polymerization of the HBCs by the synthesis of 9–17.51 A decrease in length of the ethylene glycol 
chains as performed for 9–12 did not hinder the self-assembly, but decreased the solubility of the 
supramolecular polymer in THF. This showed that the ethylene glycol is not essential for guiding the 
self-assembly towards nanotube for ation. In contrast the length of the alkyl tail did show a 
significant influence, where the dodecyl 8, tridecyl 14 and hexadecyl 13 yielded nanotubular 
assemblies, while the octyl 15 and branched 3,7-dimethyloctyl derivative resulted in ill-defined 
aggregates. It was concluded that a certain alkyl length was needed to allow for the crystallization of 
the aliphatic tails by interdigitation thereby enabling nanotube formation. The most striking result 
from this study was the drastic influence of the phenyl group that is used to attach the ethylene glycol 
tails to the HBC core. Removal of this phenyl group as done for 17 yields ill-defined structures and 
hence the phenyl proved to be crucial to drive the supramolecular polymerization towards 
nanotube/coil formation. No report has been made about the specific mechanism of supramolecular 
polymerization, but given the long length of the polymer and the dependence of the polymerization 
on the phenyl group, a cooperative mechanism is highly plausible. Again, a rotation around the 
phenyl could likely be the reason for the cooperativity and ther fore this system is diff rent from the 
isodesmic supramolecular polymerization of the HBC as reported by Müllen and co-workers.52 In 
addition the supramolecular polymers studied by Müllen et al. are purely one dimensional, while the 
nanotubes of Aida and co-workers are consid red to be quasi t o dimensional. Therefore, besides the 
a)# b)# b)#
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R suggests a weak electronic coupling within the dyad, which has
also been observed for similar compounds.[60]
Excitation at 370 nm led to a strong, broad yellow photo-
luminescence which was shifted bathochromically by 50 nm
compared to a PMI functionalized HBC derivative coupled by a
single bond. This indicates a somewhat increased, but never-
theless weak coupling of the donor and the acceptor component in
the ethinylene-bridged system. Investigationof the energy transfer
between donor and acceptor revealed a process with an efficiency
of more than 98%. Expectedly, the photoluminescence quantum
efficiency (54%) was much higher than for unsubstituted HBC
derivatives as a result of the presence of the rylene chromophore.
2.3. Thermotropic Organization
The thermal behavior was investigated by differential scanning
calorimetry (DSC) (see Supporting Information). In the tempera-
ture range from !150 to 300 8C, one clear endothermic peak at
217 8C was found, which was assigned to a crystalline-liquid
crystalline (LC) transition by means of two-dimensional wide-
angle X-ray scattering (2D-WAXS). Compared to the parent HBC,
HBC-C8,2,
[61] which carries six identical alkyl chains, the LC phase
for HBC-PMI was reached at far higher temperatures, due to
the extended p-area and therefo e a stronger pack in the
crystalline phase.
At a temperature of 240 8C, the 2D-WAXS pattern of a
mechanically extruded HBC-PMI filament revealed a columnar
hexagonal LC state with a lattice constant a¼ 3.0 nm, very similar
to the size of the molecule (Fig. 2a). No higher order reflections
could be observed, indicating the predominance of short-range
correlations which are characteris ic of such a mesophase. In
the discotic LC phase, the molecular dynamics increase and the
molecules start to rotate about their axis, as previously found by
solid-state NMR for alkyl substituted HBCs,[62,63] leading to the
above mentioned short-range order. In the case of HBC-PMI,
the packing parameter of 3.0 nm represents a spacing between the
mass center of the whole molecules. In the columnar structures,
the discs stack orthogonal to the columnar axis with a p-stacking
distance of 0.35 nm, as derived from the high intensitymeridional
reflection in the wide-angle region.
The 2D-WAXS pattern changes significantly fter co ling the
sample to 30 8C (Fig. 2b) and shows a well-organized, cry talli e
material. The equatorial reflex distribution revealed an atypically
large squareunit cellwith a lattice constant ofa¼ 5.31 nm(Fig. 2c).
The considerable increase of the unit cell is attributed to additional
correlations taking place compared to the high temperature phase.
Lowering the temperature decreases the molecular motion and
esults in correlations between individual HBC and PMI units. A
series of eridional reflexes w re found, which correspond to
different stacking distances within the discotic material and
suggest ahigh lateral order of the columns.This is in contrast to the
case of HBC-PMI with a single bond link between the HBC and
PMI, which did not exhibit long-range order.[57] Clearly, th
presence of the triple bond, which reduces steric effects between
the HBC and PMI, allows for increased intermolecular order.
Bas d on the 30 8C 2D-WAXS inform tion, the supramolecular
organization of the HBC-PMI molecules could be imulated
(Fig. 3). It is known that bulky units bring about large steric
requirements in the core periphery which may induce a lateral
rotation of themolecules around the columnar axis. In the present
case, since the aromatic PMI unit is rotated out of plane with
respect to the HBC core, as indicated by the off-meridional 2D-
WAXS reflexes, two adjacent disks are not able to stack on top of
each other with the same configuration, resulting in the lateral
rotation of the molecules. Similar correlations between sub-
stituents in the core periphery resulting in such reflections were
reported also for hexaphenyl HBCs.[64]
The meridional reflection peak corresponding to a real-space
distance of 0.73 nm, related to every second disk, indicates that the
www.afm-journal.de
Figure 2. 2D-WAXS pattern of a mechanically extruded HBC-PMI filament
a) recorded at 240 8C (hexagonal unit cell with a¼ 3.0 nm) and b) recorded
at 30 8C (square unit cell with a¼ 5.31 nm). c) The equatorial scattering
intensity distribution as a function of the scattering vector s at 240 8C and
30 8C. The peaks are labeled by th ir Miller indice according to the
determined unit cell.
Figur 3. Schematic r presentation of a) th columnar stacks and b) the
square lattice arrangement of stacks exhibited by HBC-PMI in the low
temperatur phase. HBC and PMI re represented by disks and rectangles,
respectively. Th intermolecular spacings fit the meridional reflections of
the 2D-WAXS.
2488 ! 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 2486–2494
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atomic force microcopy (AFM) in the intermittent contact mode.
The most significant results were obtained by spin-coating onto
mica from chloroform and dichloromethane solutio s, yielding
networks of nanofibers (Fig. 5). Th majori y of the fib rs had a
height of (1.6! 0.2) nm, which closely matches the maximum
molecular length of about 1.7 nm along the short-axis of the
molecule (estimated as in the previous section by considering only
the first three methylene units in the aliphatic side chains). This
result suggests an edge-on arrangement of the HBC-PMI dyad,
with the molecules forming p-stacks along the axis of the fibers.
Some taller fibers with heights of (4.1! 0.2) nm we e also
observed, indicating the presence of two-layer structures. The
interlayer separation of (2.5! 0.2) nm closely matches that
measured by 2D-WAXS (2.66 nm) inmacroscopic extruded fibers.
The width of the nanofibers was measured to be as small as a few
tens of nanometers. The spin-coated samples also exhibited some
taller irregular features with variable height, signifying a reduced
degree of internal order in these structures.
In an ffort to improve the l ng-range order f the self-
assembled surface structure , solvent vapor annealing
(SVA)[49,54,66–69] was employed. This met od involves exp sing
the sample to a s lvent vapor, which prom tes the mobility and
reorganization of the surface absorbates. On gold substrates,
following SVA treatment in a chloroform atmosphere at room
temperature, mesoscopic ribbons with lengths r nging from tens
of mic ons up to 150 micr ns were obtained (Fig. 6a–c). The
ribbonshad ameanwidth of 830 nmand ameanheight of 250 nm,
with the size distributions characterized by standard deviations of
280 nm and 160 nm, respectively. Scanning electron microscope
(SEM) (Fig. 6b) and AFM (Fig. 6c) measurements revealed a flat,
highly uniform structure.Moreover, high resolutionAFMshowed
that the top of the ribbons were atomically flat, indicating
crystalline facets and crystalline order within the mesoscopic
structures. In some cases, molecular steps were observed,
predominantly along the axis of the fibers. The steps were most
apparent in the AFM phase channel (Fig. 6d), and possessed a
height of (2.5! 0.3) nm (Fig. 6e). This height is in excellent
agreement with the crystal unit cell d termined by 2D-WAXS in
mechanically extruded filaments where the face-centered square
unit cell was determined to have an interlayer separation of
2.66 nm.
Similar ribbonswereobtained followingSVA treatment onSiO2
substrates as well (not shown); however, the dimensions were
generally smaller with lengths of less than 35mm. On mica, the
reorganization upon SVA treatment was even less pronounced,
leading to flat s b-micro -scale needles (Fig. 6f). Themean length
andwidths of th n edles were 750 nm and 150 nm,with standard
deviations of 340 nm and 40 nm, respectively. The needles
possessed a unifor height of (4.2! 0.1) nm with respect to
the substrate. In some areas, a less ordered first layer was visible,
with a height of (1.6! 0.1) nm, similar to the height of spin-coated
first layer structures. The height of the needles above the first
molecular layer was (2.6! 0.1) nm,which very closelymatches the
step height m asured on top of mesoscopic ribbons and th
interlayer spacing measured by 2D-WAXS in extruded macro-
scopic fibers.
The reduced reorganization of theHBC-PMI dyad onmica, and
to a lesser degree SiO2, compared to gold, reflects a reduced range
of mass transport of the molecule on the substrate during SVA.
www.afm-journal.de
Figure 5. AFM topography images of HBC-PMI na ofiber networks
obtained by spin-coating in a) chloroform (image 5mm" 5mm), and
b) dichloromethane (image 10mm" 10mm).
Figure 6. Mesoscopic HBC-PMI ribbons obtained after SVA treatment in
chlor form vapor on gold sub trate. a) Optical microscope, b) SEM, and
c) AFM top g phy images showing th uniform and fl t sh pe of the
ribbons. d) Phase channel AFM, with the corresponding topography in the
inset and e) AFM topography, with a line profile at the bottom, showing
single molecule steps on top of a ribbon. f) AFM topography image of
HBC-PMI needles formed after SVA in chloroform vapor on a mica
s bstrate. The holes in (b) and (d) are likely to b defects in the gold
substrate.
2490 ! 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 2486–2494
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Self-Assembled
Hexa-peri-hexabenzocoronene
Graphitic Nanotube
Jonathan P. Hill,1 Wusong Jin,1 Atsuko Kosaka,1
Takanori Fukushima,1* Hideki Ichihara,2 Takeshi Shimomura,2
Kohzo Ito,2 Tomihiro Hashizume,3 Noriyuki Ishii,4 Takuzo Aida1*
An amphiphilic hexa-peri-hexabenzocoronene self-assembles o form a
!-electronic, discrete nanotubular object. The object is characterized by an
aspect ratio greater than 1000 and has a uniform, 14-nanometer-wide,
open-ended hollow space, which is an order of magnitude larger than those
of carbon nanotubes. The wall is 3 nanometers thick and consists of helical
arrays of the !-stacked graphene molecule, whose exterior and interior
surfaces are covered by hydrophilic triethylene glycol chains. The graphitic
nanotube is redox active, and a single piece of the nanotube across 180-
nanometer-gap electrodes shows, upon oxidation, an electrical conductivity
of 2.5 megohms at 285 kelvin. This family of molecularly engineered graph-
ite with a one-dimensional tubular shape and a chemically accessible surface
constitutes an important step toward molecular electronics.
The discovery of multi- (1) and single-walled
(2) carbon nanotubes has triggered remark-
able scientific and technological advances at
the nanoscopic level during the past decade
(3). Such tubular carbon nanoclusters are
formed by rolling-up of graphene sheets,
whose extended !-conjugated architectures
provide these nanotubes with extraordinary
electronic properties. From a topological
standpoint, multiwalled carbon nanotubes
can be regarded as a family of graphite. Their
tubular architectures, in which curved gra-
phene sheets are stacked perpendicularly to
the longer axis of the tubes, are characteristic
of graphite structures. Here, we report a new
family of discrete nanotubular graphite
formed by self-assembly of a hexa-peri-hexa-
benzocoronene (HBC) derivative (1) (Fig.
1A). In sharp contrast with multiwalled car-
bon nanotubes, our nanotube consists of a
graphitic wall formed from numerous molec-
ular graphene sheets stacked parallel to the
longer axis of the tube. Whereas a bottom-up,
supramolecular approach has shown the po-
tential for controlled synthesis of nanoscopic
tubular objects (4–10), such objects possess-
ing tailored !-electronic functions have not
yet been developed.
HBC can be regarded as the smallest
graphene fragment consisting of 13 fused
benzene rings, and has a strong tendency to
stack together via !-electronic interactions.
Mu¨llen and co-workers have reported that
chemical modification of HBC’s periphery
with long alkyl chains results in the forma-
tion of discotic liquid-crystalline materials
that exhibit high charge-carrier mobilities
(11–13). In the present work, we synthe-
sized amphiphilic HBC 1 (Fig. 1) using the
scheme shown in fig. S1. A lipophilic cy-
clopentadienone was coupled with a hydro-
philic diphenylacetylene by the Diels-Alder
reaction, and the resulting hexaphenylben-
zene precursor was subjected to oxidative
cyclization, to give HBC (1) bearing two
dodecyl chains (C12) on one side and two
triethylene glycol (TEG) chains on the oth-
er (14 ). Theoretical discussions (4, 15)
have suggested that the formation of tubu-
lar lipid assemblies requires two-dimen-
sional (2D) bilayer membranes with a long-
range in-plain crystal order. Such crystal-
line membranes would favor cylindrical
curvature, resulting in the formation of he-
lical tapes, which are topologically equiva-
lent to tubules. We expected that our HBC-
based gemini amphiphile 1 in polar solvents
could self-assemble to form a highly crystal-
line bilayer tape of !-stacked HBC, a potent
precursor for tubular structures.
Compound 1 was suspended in tetrahy-
drofuran (THF) and heated to 50°C. The
resulting yellow-colored solution was al-
lowed to cool to 30°C, and gradually turned
cloudy within a few hours (Fig. 1B). Elec-
tronic absorption spectroscopy of the THF
solution at 50°C showed an absorption
band at 362 nm, characteristic of highly
dispersed HBCs (16 ). On cooling, this ab-
sorption decreased in intensity, and new
absorption bands with considerable red
shifts appeared at 426 and 459 nm, which
are assignable to a !-stacked self-assembly
of 1 (17 ). This spectral change was ther-
mally reversible. Rapid cooling of a hot
THF solution at 1 mg/ml resulted in a
time-dependent spectral change with an
isosbestic point at 400 nm, which subsided
in 30 min (Fig. 2). Thus, !-stacked oli-
gomers of 1 are formed at the initial stage
and further self-assemble with one another
to give large insoluble assemblies. At high-
er concentrations (above 5 mg/ml), cooling
resulted in gelation of the solution (fig. S2).
Filtration of the suspension or a gel diluted
with THF allowed isolation of self-assem-
bled 1 almost quantitatively as a yellow-
1Aida Nanospace Project, Exploratory Research for
Advanced Technology, Japan Science and Technology
Agency, National Museum of Emerging Science and
Innovation, 2-41 Aomi, Koto-ku, Tokyo 135-0064,
Japan. 2Graduate School of Frontier Sciences, Univer-
sity of Tokyo, 5-1-5 Kashiwanoha, Kashiwa-shi, Chiba
277-8561, Japan. 3Advanced Research Laboratory, Hi-
tachi Ltd., Hatoyama, Saitama 350-0395, Japan.
4Biological Information Research Center, National In-
stitute of Advanced Industrial Science and Technolo-
gy, Tsukuba Central-6, 1-1-1 Higashi, Tsukuba, Ibaraki
305-8566, Japan.
*To whom correspondence should be addressed. E-
mail: fukushima@nanospace.miraikan.jst.go.jp (T.F.);
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Fig. 1. Amphiphilic hexa-peri-
hexabenzocoronene (HBC) 1. (A)
Schematic molecular structure.
(B) A THF suspension of 1. Fi-
brous assemblies were formed
and grew when a homogeneous
solution (2 mg/ml) at 50°C was
allowed to cool to room temper-
ature. (C) A paperlike solid sub-
stance of 1 was isolated by fil-
tration of the THF suspension
with a Teflon membrane (pore
size, 0.2 "m).
R E P O R T S
www.sciencemag.org SCIENCE VOL 304 4 JUNE 2004 1481
 o
n 
Ja
nu
ar
y 3
0,
 2
01
2
ww
w.
sc
ien
ce
m
ag
.o
rg
Do
wn
loa
de
d 
fro
m
 b)# c)#
f)#
CHAPTER(I(  Introduction 
 
   10 
and the structural orders driven by the charge-charge coupling.[51] In this context the first studies on the 
supramolecular aggregation of ionic amphiphilic molecules[52] paved the way toward the constructions 
of the highly hierarchized functional nanostructures that are reported nowadays in literature. Indeed, 
the principles proper of the polyelectrolyte-surfactant complexation have rapidly expanded toward 
other self-organizing charged molecules. Mullen and Thünemann were the first to report on the 
columnar arrangement adopted from HBC anions derivatives, when supported by complexation with 
cationic polyelectrolytes.[53] The same principles were used by the group of Antonietti several years 
later organizing functional dyes such as 3,4,9,10-perylenetetracarboxylic acid potassium salt 12 
(PTCAPS) into long belt shaped micro-objects, via electrostatic interactions.[54] Indeed, through the 
use of the cationic hydrophilic block copolymer poly(ethyleneglycol)-block-branched (ethyleneimine) 
(PEG-b-PEI) as a polymeric additive, the crystallization of 12 was modified inducing the formation of 
belt-like structures.  
 
Figure 1.7 Molecular structure (a) of perylenetetracarboxylic acid potassium salt (PTCAPS) building block 12. SEM images 
(b) of crystals obtained from 12 in the presence of PEG- b-PEI (1.0 g/L). Schematic representation (c) of the microbelt 
structure: (gray) carbon; (white) hydrogen; (red) oxygen; (violet) potassium. Fluorescence micrograph (d) of the microbelts 
excited at 488 nm.[54] Chemical structures (e) of the porphyrin derivative 13. Schematic depiction (f) of the procedure used to 
induce the SAS process between CTAB and ZnTPyP originating the different nanostructures.[55] 
Moreover, as a further consequence of the extended, wire-like π-π interactions originated along the 
[020] axis of the belt, a remarkably high conductivity per single nanobelts was shown, proving the 
value of the ISA approach for the development of highly functional nanomaterials. A further 
development in the use of ionic compound for the nanostructuration of organic material is represented 
by the Surfactant Assisted Self assembly (SAS) technique, in which the self-assembly of an opportune 
building block is templated by the presence of an auxiliary surfactant that can control the geometrical 
properties of the final nanostructure. Following this approach, Liu and co-worker were able to produce 
a library of different nanostructures based on the self-assembly of zinc 5,10,15,20-tetra (4-pyridyl)-21 
H, 23 H-porphine (13) in presence of different amounts of cetyltrimethylammonium bromide (CTAB) 
in an acqueous solution (Figure 1.7e-f).[55] Even if the mechanism of such phenomena is still under 
investigation, the author hypothesized that the ionic interactions deriving from the self-assembly of the 
since this leads to partial dissolution of the crystal. X-ray intensity
data were recorded at 210 K. The measurements were performed
with a IPDS-2 diffractometer (Stoe) with graphite-monochromated
molybdenum KR radiation.
The ORTEP plot and the molecular structure of the per-
ylenetetracarboxylate anion were generated with the program
DIAMOND, version 3.1 (Crystal Impact). The unit cell structure
was visualized using Mercury, version 2.2, and the modeling of
the morphology (Module rphology) and surface cleavage
(Visualizer) were performed with Materials Studio 4.3 software
(Accelrys). Wide-angle X-ray scattering (WAXS) patterns were also
simulated with the Materials St dio 4.3 software (Accelrys) using
the Reflex module.
Results and Discussion
Ultralong microbelts of PTCAPS with uniform cross-section
could be fabricated in the presence of PEG-b-PEI as crystal
growth modifier. The PEI part of the polymer is cationic under
appropriate conditions below its pKa (pKa of PEI 10-11),18 thus
making it a good candidate for the controlled interaction with
crystal surfaces, while the PEO is water-soluble under the whole
range of applied conditions. Due to the fact that the solubility
of PTCAPS in water is too high, e hanol/w ter mixtures were
applied (5/7 v/v H2O/ethanol) to establish facile recrystallization.
PTCAPS dissolves in mixed solvents at 65 °C and precipitates
from the saturated solution at room temperature. In the absence
of the polymer additive PEG-b-PEI (the default experiment, pH
8.5), the precipitation process of PTCAPS crystals occurred very
quickly, and the solution always turned turbid in less than 15
min. After the crystals in contact with the mother liquor were
matured for 1 day, tilelike crystals with a size of 100-300 µm
were obtained (Figure 1A).
This default morphology is not useful for further applications.
For a mechanistic understanding of the morphosynthesis experi-
ments, we performed a single-crystal analysis on one of these
default crystals.19 The coordination environment of the potas-
sium ions and the numbering scheme of the perylenetetracar-
boxylate anion are given in Figures S1 and S2. Table S1 contains
the crystallographic data and the refinement parameters. Tables
S2-S5 give the bond lengths and other structural features. The
compound crystallizes in the space group P1j. The asymmetric
unit contains only half of the formula unit. Corresponding to
this, the other unit is generated by inversion. The inversion
center is at the midpoint of the perylene core. The side view in
Figure S2 shows that the inequivalent carboxyl C atoms C11
and C12 deviate by 0.536 and 0.391 Å, respectively, from the
least-squares plane of the perylene core. The carboxylate groups
are torsioned from the perylene ring systemssee Figure S2 and
Table S4. These deviations of the planes of the carboxylate
groups with respect to the mean plane of the perylene core are
similar to those in potassium naphthalene-1,4,5,8-tetracarboxy-
late.20 The C-O bond lengths of the carboxylate groups range
from 1.252(2) to 1.267(2) Å (Table S2). The two shorter C-O
bonds involve the O atoms closest to the perylene ring system,
O1 and O4, and the two longer C-O bonds involve the O atoms
farthest from the aromatic ring system, O12 and O3. The
O-C-O bond angles are widened to 124.8(2) and 125.1(2)°,
respectively (Table S3). All carboxylate groups are directed
outward. This feature can be explained by a comparison of the
corresponding C-C-C(carboxylate) angles. The described
positions of the carboxylate groups apart and torsioned from
the aromatic core are comparable o those in bis(ethylenedi-
ammonium) perylene-3,4,9,10-tetracarboxylate octahydrate.21
Two unique K+ ions have been found. K1 is coordinated by
seven oxygen atoms and K2 by six oxygen atoms. The range
of cation-oxygen distances is 2.653(1)-2.959(2) Å (Table S2).
The coordination geometries are best described as irregular
polyhedra. K2 is located in a nearly trigonal-prismatic coordina-
tion environment. Two potassium cations share three oxygen
atoms. One alternating O atom arises from a water molecule or
from a ethanol molecule. Moreover, the structure of PTCAPS
is stabilized by three hydrogen bonds, two between O5H(water)
and O(carboxylate) and a further one between O(ethanol) and
O(carboxylate)sfor details see Table S5. Furthermore, in the
packing a hydrogen-bonded ethanol molecule is incorporated,
in which the carbon atoms are disordered over two sites with
equal occupancies. The whole structure is shown in Figure S3.
Calculation of the equilibrium morphology (Figure S3D) of this
crystal under vacuu yields a m rphology similar to that
observed in Figure 1A, supporting the fact that this morphology
is the equilibrium structure.
A completely different morphology is observed after the
addition of PEG-b-PEI serving as structure-directing agent. The
recrystallization of PTCAPS molecules in the presence of 1.0
g/L PEG-b-PEI at a starting pH of 8.4 led to shining fibrous
structures with a metallic gloss, as shown in the inset of Figure
1B. In fact, the optical microscopy image clearly shows that
most of the fibers have a length in the range of millimeters
(Figure 1B). Higher magnification SEM images demonstrated
that the fibers have a beltlike morphology with a thickness of
about 100-200 nm, while the width is about 0.6-2.5 µm
(Figure 1C,D). However, it is important to emphasize that the
width and thickness of each individual nanofiber are constant
over the entire fiber length. It should be noted that the produced
fibers are easily broken during the preparation of SEM samples.
The close-to-rectangular shape of the cross section can also be
seen from the broken belts. Polarization microscopy images(18) Gao, Y. X.; Yu, S. H.; Guo, X. H. Langmuir 2006, 22, 6125.
(19) Crystal data for PTCAPS: Mr ) 394.46, triclinic, P1j (No. 2), a )
7.4228(14) Å, b ) 8.1929(18) Å, c ) 14.838(4) Å, R ) 104.299(18)°,
! ) 100.577(18)°, γ ) 95.938(17)°, Z ) 2, Dcalcd ) 1.543 g/cm3,
T ) 210(2) K, R1 (I > 2σ(I)) ) 0.0359, wR2 (all data) ) 0.1034,
GOF ) 1.029, Rint ) 0.0340.
(20) Fitzgerald, L. J.; Gallucci, J. C.; Gerkin, R. E. Acta Crystallogr. 1993,
C49, 1287.
(21) Li, J.-R.; Tao, Y.; Yu, Q.; Bu, X.-H. Cryst. Growth Des. 2006, 6,
2493.
Figure 1. SEM images (A) of PTCAPS crystals without additives and
optical microscopy images (B) and SEM images at low magnification (C)
and high magnification (D) of PTCAPS crystals in the presence of PEG-
b-PEI (1.0 g/L). The inset of (B) gives a photo of PTCAPS belts.
3702 J. AM. CHEM. SOC. 9 VOL. 132, NO. 11, 2010
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scan profile along the edge of the belt in Figure 3E clearly
reveals a striation pattern which is highly relevant for identifica-
tion as a mesocrystal (Figure 3F). It is estimated from the AFM
line scan at the microbelt edge that the size of a primary
nanoparticle building unit is about 50-70 nm, as seen from
Figure 3F. From WAXS peaks and using the Scherrer equation,
the primary particle size is determined to be 30-40 nm for the
microbelts. This is a reasonable agreement if the dimension of
the AFM tip is taken into account.
Packing of functional dyes into a crystal arrangement affects
the electronic properties, as most easily demonstrated by
UV-vis spectra. Figure 5A shows UV-vis absorption spectra
of the PTCAPS mol cularly dissolved in water (red line) and
of the PTCAPS bel s dispersed in N-m thylpyrrolidone (NMP).
The absorption spectrum of the dilute PTCAPS solution shows
four relatively narrow abso ption peaks at 388, 412, 436, and
465 nm. Upon crystallization, the absorbance peaks of the
PTCAPS belt suspension are red-shifted to 398, 422, 452, and
484 nm, respectively, and the absorption strength at shorter
wavelength is relatively enhanced, which should result from
the delocalization of the excited state due to pi-pi interaction.2a
Also, a line broadening of the peaks is observed for the belt
structures, which also reflects the strong intermolecular elec-
tronic interactions of the close-packed molecules.26 These
findings are consistent with data reported for red perylenediimide
pigments in the crystalline state.27 As shown in Figure S14A,
the enhanced pi-pi interaction is also seen in the diffuse
reflectance spectra of the PTCAPS crystal powder and the belt
powder. For the latter an increased absorption in the spectral
range of 500 nm < λ < 575 nm is found, indicating a strong
electronic coupling in the belts.
The effects of the 1D nanocrystal superassembly structure
on the optical behavior are also seen in the photoluminescence
spectra. Figure 5B presents the fluorescence spectra of both a
dilute solution of PTCAPS and the belt suspension in NMP at
excitation wavelengths of λex ) 430 and 530 nm, respectively.
At λex) 430 nm, in comparison to the spectrum of the dissolved
molecules in water (emission peaks at 481 and 509 nm), the
emission spectrum of the suspended belts seems to be red-shifted
to 511 and 531 nm, respectively. These spectral changes may
be attributed to pi-pi interactions.23 In addition, photolumines-
cence measurements of the suspended belts are prone to inner
filter effects (due to high local concentration of perylene
chromophores, which is an intrinsic property of the belts), which
subsequently also can result in such an alteration of the emission
spectrum. Changing the excitation wavelength λex from 430 to
530 nm gives rise to a dual emission for the suspensions of
PTCAPS crystals and of the belts in NMP, which further
supports the assumption of an increased electronic interaction
in the crystalline sample and in the belt structures.23 While for
a solution of PTCAPS only the regular emission in the green
spectral region is observed (λex ) 430 nm) and upon switching
the excitation to λex ) 530 nm no emission at all is observable,
the suspensions of crystalline PTCAPS (figure not shown) as
(26) Luo, Y.; Lin, J.; Duan, H.; Zhang, J.; Lin, C. Chem. Mater. 2005, 17,
2234.
(27) Liu, S. G.; Sui, G.; Cormier, R. A.; Leblanc, R. M.; Gregg, B. A. J.
Phys. Chem. B 2002, 106, 1307.
Figure 4. Schematic representation of the microbelt structure extended along the b axis and viewed along the c axis: (gray) carbon; (white) hydrogen; (red)
oxyg n; (violet) potassium. The default cryst l morphology is shown as well as the alignment of the perylene tetracarboxylate potassium salt molecules
within the microbelt (not drawn to scale). The white quads are (110) faces. For reasons of clarity, the microbelt structure is drawn with potassium counterions,
which are replaced by the block copolymer in the real microbelts.
Figure 5. (A) UV-vis spectra of a 45 µM PTCAPS solution (red line)
and belts dispersed in NMP (black line). (B) Fluorescence emission spectra
of 45 µM PTCAPS solution excited at 430 nm (green line) and 530 nm
(blue line), and of a belt suspension excited at 430 nm (black line) and 530
nm (red line). Inset: for clarity, the corresponding black, red, and blue lines
were extracted. (C) Fluorescence micrograph of the microbelts excited at
488 nm. (D) Fluorescence micrograph of the same microbelts excited at
543 nm.
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scan profile along the edge of the belt in Figure 3E clearly
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line scan at the microbelt edge that the size of a primary
nanoparticle building unit is about 50-70 nm, as seen from
Figure 3F. From WAXS peaks and using the Scherrer equation,
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pigments in the crystalline state.27 As shown in Figure S14A,
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reflectance spectra of the PTCAPS crystal powder and the belt
powder. For the latter an increased absorption in the spectral
range of 500 nm < λ < 575 nm is found, indicating a strong
electronic coupling in the belts.
The effects of the 1D nanocrystal superassembly structure
on the optical behavior are also seen in the photoluminescence
spectra. Figure 5B presents the fluorescence spectra of both a
dilute solution of PTCAPS and the belt suspension in NMP at
excitation wavelengths of λex ) 430 and 530 nm, respectively.
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be attributed to pi-pi interactions.23 In addition, photolumines-
cence measurements of the suspended belts are prone to inner
filter effects (due to high local concentration of perylene
chromophores, which is an intrinsic property of the belts), which
subsequ ntly als can result in such an alteration of the emission
spectrum. Changing the excitation wavelength λex from 430 to
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in the crystalline sample and in the belt structures.23 While for
a solution of PTCAPS only the regular emission in the green
spectral region is observed (λex ) 430 nm) and upon switching
the excitation to λex ) 530 nm no emission at all is observable,
the suspensions of crystalline PTCAPS (figure not shown) as
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Figure 5. (A) UV-vis spectra of a 45 µM PTCAPS solution (red line)
and belts dispersed in NMP (black line). (B) Fluorescence emission spectra
of 45 µM PTCAPS solution excited at 430 nm (green line) and 530 nm
(blue line), and of a belt suspension excited at 430 nm (black line) and 530
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physical, photochemical, and assembly properties. So far, a wide
variety of sophisticated porphyrin-containing nanomaterials,
such as nanotubes, nanowires, nanowheels, nanorods, etc., have
been developed.7d,11-15 For examples, Hasobe and co-workers
have reported supramolecular nanorods of meso-diaryl-substi-
tuted porphyrins formulated by a sonication method.13a Shel-
nutt’s group has synthesized porphyrin nanotubes and nanofiber
bundles by ionic self-assembly of two oppositely charged
porphyrins,13b-d and they have also manufactured square
porphyrin nanosheets using a reprecipitation method.13e Choi
and co-workers have recently reported the synthesis of single-
crystal porphyrin rectangular nanotubes by a vaporization-
condensation-recrystalliz tion process.13f
Furthermore, porphyrin nanomaterials have also been pro-
duced by SAS methodologies. For examples, Wan and co-
workers have found that porphyrin-based hollow hexagonal
nanoprisms could be prepared in a DMF/water system in the
presence of surfactant.11a Moreover, they have also shown that
the hollow nanostructures could be further organized into an
ordered, three-dimensional architecture. Hupp, Nguyen, and co-
workers have demonstrated that porphyrin nanoplates and
nanorods could be produced through a self-assembly process
in an ethanol/water sys em. These nanostructure were hierar-
chically organized to form nanowires and macroscopic columnar
structures with the assistance of surfactants.11b,c Hasobe’s group
has constructed fullerene-encapsulated porphyrin hexagonal
nanorods in a DMF/acetonitrile system mixed with surfactant.11g
In these cases, porphyrin nanostructures are generally produced
in a mixed solvent system where the employed solvents have
good c mpatibility.11 Taking into account the scientific and
practical significance of porphyrin species, and the general
satisfactory solubility of porphyrins in organic solvents with
low polarity, it is an issue of broad i terest to synthesize
porphyrin nanostructures by means of a SAS where the
employed solvents are incompatible.
In the present contribution, we have reported that various zinc
5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine (ZnTPyP, Chart
1)-based nanostructures, including hollow nanospheres, solid
nanospheres, nanorods, nanotubes, and nanofibers, can be easily
assembled by means of a SAS (Scheme 1) by adding dropwise
a CHCl3 (oil) solution of ZnTPyP into an aqueous solution of
surfactant, cetyltrimethylammonium bromide (CTAB, Chart 1).
We have shown that, depending on the aging time, either ollow
nanospheres or nanotubes could be formulated when the CTAB
concentration is low. Using a CTAB aqueous solution with a
moderate concentration, solid nanospheres or nanorod were
formed, while either solid nanospheres or nanofibers were
produced when a high-concentration CTAB aqueous solution
was employed. Remarkably, the nanorods showed supramo-
lecular chirality and were further organized to form regular
nanoarrays on a silicon substrate over a large area, while the
other nanostructures could not. Diverse porphyrin-based nano-
structures ave been produced by various protocols,7d,11-15 nd
to our best knowledge, the methodology described herein has
no precedent. Our investigation suggests that the SAS method
using an oil/aqueous medium is an efficient way to construct
organic nanomaterials in a controlled manner, and that these
nanostructures can show different chiroptical and assembly
properties.
Results and Discuss o
Typically, sampl s designated as I, II, and III, using 0.225,
0.9, and 4.5 mM CTAB aqueous solutions, respectively, were
pr pared. As shown i Scheme 1, a opaque solution was
obtained s on after the dropwise addi io f a ZnTPyP
chloroform solution into a CTAB aqueous solution. Vigorous
stirring was maintained for 15 min, after which a transparent
yellowish solution was obtained. The morphology of the
produced nanostructures, as a function of CTAB concentration
and aging time, was investigated by transmission electron
microscopy (TEM) and scanning electron microscopy (SEM).
Figure 1 shows the typical results obtained from sample I. When
the aging time was 15 min, hollow spheres with an outer
diameter of 100 nm ∼1 µm nd an inner diameter of 40-700
nm, were obtained. When the aging time was 3 h, coexistence
of hollow spheres and nanotubes were observed. The size of
the spherical structure was similar to that aged for 15 min. The
nanotubes showed an average length of ca. 500 nm, outer
diameter of ca. 55 nm, and wall thickness of ca. 10 nm. When
the aging time was extended to 3 days, only nanotubes, whose
basic dimensions were similar to those aged for 3 h, were
obtained.
In the cases of samples II and III, solid nanospheres with a
diameter of 100 nm to 1 µm were obtained when the solutions
were aged for 15 min, as shown in Figures 2 and 3, respectively.
A mixture of nanospheres/nanorods was obtained for sample II
upon being aged for 3 h. In the case of sample III, a mixture of
Chart 1. Molecular Structures of Zinc
5,10,15,20-Tetra(4-pyridyl)-21H,23H-porphine (ZnTPyP, left) and
Cetyltrimethylammonium Bromide (CTAB, right)
Scheme 1. A Schematic Illustration Showing the Controlled Synthesis of Various Porphyrin Nanostructures by Means of a SAS, Where an
Oil/Aqueous Medium Is Employeda
a The morphology of the produced nanomaterials is controlled by CTAB concentration or the aging time. The drawing is not to scale.
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1)-based nanostructures, including hollow nanospheres, solid
nanospheres, nanorods, nanotubes, and nanofibers, can be easily
assembled by means of a SAS (Scheme 1) by adding dropwise
a CHCl3 (oil) solution of ZnTPyP into an aqueous solution of
surfactant, cetyltrimethylammonium bromide (CTAB, Chart 1).
We have shown that, depending on the aging time, either hollow
nanospheres or nanotubes could be formulated when the CTAB
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lecular chirality and were further organized to form regular
nanoarrays on a silicon substrate over a large area, while the
other nanostructures could not. Diverse porphyrin-based nano-
structures have been produced by various protocols,7d,11-15 and
to our best knowledge, the methodology described herein has
no precedent. Our investigation suggests that the SAS method
using an oil/aqueous medium is an efficient way to construct
organic nanomaterials in a controlled manner, and that these
nanostructures can show different chiroptical and assembly
properties.
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Typically, samples designated as I, II, and III, using 0.225,
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nanotubes showed an average length of ca. 500 nm, outer
diameter of ca. 55 nm, and wall thickness of ca. 10 nm. When
the aging time was extended to 3 days, only nanotubes, whose
basic dimensions were similar to those aged for 3 h, were
obtained.
In the cases of samples II and III, solid nanospheres with a
diameter of 100 nm to 1 µm were obtained when the solutions
were aged for 15 min, as shown in Figures 2 and 3, respectively.
A mixture of nanospheres/nanorods was obtained for sample II
upon being aged for 3 h. In the case of sample III, a mixture of
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surfactant in the acqueous environment, can tune the π-π interactions responsible for the aggregation 
of the single compound 13 with a concentration dependant mechanism, providing in this way a new 
route for the elaboration of complex nanostructures before unachievable with the same building 
blocks. 
 
1.3 H-Bond Nanostructured Organic Materials 
For the engineering and development of functional supramolecular architectures, H-bonds are between 
the most useful non-covalent interactions due to their high selectivity, directionality and reversibility. 
These properties, if opportunely combined, can give the possibility to control the geometry and the 
morphology of the final supramolecular systems with molecular precision.[19, 56] The strength of the 
supramolecular interaction deriving from H-bonds formation depend from a relevant number of 
factors such as the solvent used, the total number of H-Bonds involved and their spatial disposition 
into the recognition site. Despite the relative weakness of the isolated H-bond interactions, the 
conjugation of a precise structural design of the single molecular units, with a strict knowledge of the 
assembly mechanism, can result in the possibility to selectively prepare supramolecular systems 
characterized by highly controlled geometrical and structural features at the nanoscale. 
In this paragraph the attention will be focused on the most significant development obtained in the 
field of H-bond based supramolecular materials in the last years. The construction of infinite and 
discrete nanostructured materials will be discussed giving a particular emphasis on the elucidation of 
the relationship between the structural characteristics of the single molecules and the geometrical and 
spatial features of the final nanostructures. The properties and the possible applications fields (OLED, 
FET, photovoltaic cells development and sensor) of all the resulting nanostructures will be then 
described in relation with the characteristics of the single isolated components. Moreover a general 
overview about the synthetic approaches developed to prepare the primary molecular modules will be 
presented. In order to categorize the different assemblies, a major division will be operated on their 
dimensionality: the first part of the paragraph will be focused on self-assembly/self-organization of 
molecular units for the nanostructuration of infinite systems (1-D assemblies and 2-D networks), 
whereas a second section will be centred on the discussion of the nanostructuration process aimed at 
the production of discrete systems such as nanoparticles, nanorings and toroids. 
 
1.4 H-Bond Nanostructuration of Infinite Systems  
Currently most of the supramolecular assembly of organic functional materials are constituted by 
polymeric arrays of molecules, defined as building blocks or molecular modules, held together by 
non-covalent interactions and able to associate in one or more dimension. In such kind of systems a 
strict control over the size and the dimension of the supramolecular entities is usually very limited and 
therefore for the resulting architectures can be grown in an infinite fashion along different dimensions, 
depending on the structural molecular features. 
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In these systems, H-bonds can both be employed as the only non-covalent interaction responsible for 
the nanostructuration process or can be associated to other types of interactions in order to modify the 
final morphology of the resulting architecture. In this section the attention will be focused mainly on 
the design and preparation of organic supramolecular nanostructures in which the H-bond interaction 
is occupying a key role in the nanostructuration process. Additional interactions will be described in 
connection to the geometrical control that they are imparting to the final nanostructure. 
 
1.5 1-D H-bonded Nanostructured Materials 
The preparation of homogenous nanoobjects based on H-bonds is one of the most interesting research 
area of nanotechnology, due to the potential applications that this structures can have in fields such as 
electronic, sensor production or for biomedical systems.[57] The possibility to exploit single or multiple 
arrays of H-bond interactions for such purpose is very well known since the early 90s, thanks to the 
pioneering works of Lehn and co-workers, who synthesized the first supramolecular polymers based 
on self-assembly between multiple H-bonds recognition sites. In this work triple H-bonding 
interactions between uracil derivative 14 and bifunctional diamidopyridine module 15 induced the 
formation of a supramolecular polymers, which underwent self-organization into fibroid objects, 
displaying heliticity as a consequence of the chirality of the single components (Figure 1.8a).[58] This 
approach based on the molecular recognition process between diamidopyridine units and imidic 
systems was further exploited by Lehn to induce the assembly of different building blocks such as 
cyanuric derivative 16 and complementary molecule 17, inducing the formation of fibers observable 
through TEM analysis (Figure 1.8 b-d).[59] 
 
Figure 1.8 Self-assembly process (a) between the diacetylaminopyridinic unit 15 and the uracilic molecular module 14 
developed by Lehn through the derivatization of a tartaric acid core.[57c] leading to the formation of a supramolecular polymer 
able to organize into helical fibroid material as a consequence of the chirality of the single building blocks. Molecular 
structures (b) of the supramolecular assembly between the cyanuric derivatives 16 and its complementary unit 17. Schematic 
representation (c) of two different multiple H-bonds arrays based on the imidic-diacetylaminopyridine recognition motifs. 
TEM images (d-e) of the helical fibers obtained from the assembly of 16 and 17 (white segment represent the helical pitch 
distance). 
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decrease in polarity induced by the addition of the hydro-
carbon solvent should enhance the strength of the hydrogen-
bonded associations and lead to a shift in the species
distributions toward higher-order polymeric assemblies. The
solutions behave like reversible gels: they liquefy, that is loose
their viscosity, upon heating and reform the gel after cooling
and standing at room temperature. This interesting observa-
tion prompted the examination of these viscous solutions by
electron microscopy (EM), which gave definitive evidence of
aggregate formation.
Fiber formation in chloroform/heptane mixtures : That the
viscous solutions indeed come from the formation of fibers
was first indicated by EM studies on stoichiometric mixtures
of bis-receptor 1 and bis-wedge 3 in chloroform/heptane (1:4,
2.5m!). The viscous solutio s were prepared by issolving 1
and 3 in chloroform and adding excess heptane. The
formation of fibers was detected by b th dir ct observation
and by cryofracture techniques. Figure 6 shows th extend
fibrous networks observed in both cases. For comparative
purposes, solutions of stoichiometric mixtures of 1 and 3 in
pure chloroform (2.5m!) were also investigated by EM, but
no fibers or defined aggregates could be observed.
Fiber formation in tetrachloroethane : Tetrachloroethane was
found to be a good solvent for observing fiber formation by
EM investigations. Owing to its slower evaporation after
placing a droplet of solution on the EM grid, the amount of
deposited material could be more precisely controlled. A
number of interesting observations were made.
All compounds, bis-receptor 1, trisreceptor 2, bis-wedge 3,
and mono-wedges 4 and 4b dissolve readily in tetrachloro-
ethane and remain in solution over time. When deposited on
the EM grid as pure solutions in a concentration range from 1
to 10m!, no trace of the formation of aggregates was
observed. At most, unstructured material was deposited in
an unspecific manner in these blank runs. However, when
stoichiometric mixtures of 1 and 3 (2.5 to 10m! with respect
to each component) were used, the formation of well-defined
helical fibers was observed (Figure 7).
The formation of fibrous aggregates from 1 and 3 was found
to be critically dependent on the mode of mixture prepara-
tion. When solid mixtures of these two compounds were
dissolved (after having weighed out the solids in the desired
stoichiometric ratio in the same flasks), the formation of
fibers was observed in all cases, as depicted in Figure 7. The
solutions obtained from this simultaneous dissolution of 1 and
3 as solids in the same flask were perfectly translucent.
Howev r, when the solutions were l ft standing for s veral
hours at room temperature, a cloudiness appeared that
further intensified upon standing over several additional days
and resulted in a white ™precipitate∫. This precipitate did not
redissolve in tetrachloroethane, even when the suspension
was sonicated for 24 h at 50 !C
or heated under reflux at
146 !C. Only the addition of a
polar (DMSO) or protic (meth-
anol) solvent and subsequent
heating to near reflux finally
drove the redissolution of this
solid, that indeed consisted of 1
and 3 (by NMR spectroscopy).
A possible explanation for this
observation could be the for-
mation of a polymeric fibrous
assembly on the basis of hydrogen bonds that precipitates out
of the solution once a critical size is obtained, probably in the
form of aggregated fibers. The aggregate only redissolves in
the presence of a polar/protic solvent that competes with the
hydrogen-bonding sites and disrupts the polymer. Such an
irreversible supramolecular polymerization, as observed in
tetrachloroethane, is reminiscent of the irreversible associa-
tion of proteins in the brain to form protein aggregates, whose
deposition is at the origin of neuro-degenerative diseases,
such as Alzheimer×s and Creutzfeldt ± Jakob disease.[47]
Interestingly, very little fiber formation was observed when
the solutions were prepared from separate stock solutions of
the individual components. One possible explanation for
these observations could be that the local concentration
generated by the simultaneous dissolution of the solids is
much higher at the solid ± liquid interface during the dissolu-
tion process than in the mixing of two stock solutions. This
could lead in one case to high molecular weight aggregates
from the very start and drive the subsequent irreversible
precipitation from the mixture with time, a trend not observed
for the mixtures prepared from separate stock solutions.
On account of these observations, all samples subsequently
studied in tetrachloroethane were prepared by directly
dissolving the compounds as their solid mixtures. Neverthe-
Figure 6. Extended, dense fiber network obtained from solutions of [1:3]n (2.5m!) in CHCl3/heptane (1:4) as
evidenced by EM direct observation (left) and cryofracturing (right) techniques.
Figure 7. Helical f bers obtained from solutions of [1:3]n (5m!) in C2H2Cl4:
a) helical fibers protruding radially from a dense tangle of material;
b) enlargement of an isolated helical fiber showing the regular half-helical
turns of 120 nm; c) breaking into rectangular rods of half a helical turn in
length.
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decreas in p larity induc d by the addition of the hydro-
carbon solvent should enhance the strength of the hydrogen-
bonded associations and lead to a shift in the species
distributions toward higher-order polymeric assemblies. The
solutions behave like reversible gels: they liquefy, that is loose
their viscosity, upon heating and reform the gel after cooling
and standing at room temperature. This interesting observa-
tion prompted the examination of these viscous solutions by
electron microscopy (EM), which gave definitive evidence of
aggregate formation.
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2.5m!). The viscous solutions were prepared by dissolving 1
and 3 in chloroform and adding excess heptane. The
formation of fibers was detected by both direct observation
and by cryofracture techniques. Figure 6 shows the extended
fibrous networks observed in both cases. For comparative
purposes, solutions of stoichiometric mixtures of 1 and 3 in
pure chloroform (2.5m!) were also investigated by EM, but
no fibers or defined aggregates could be observed.
Fiber formation in tetrachloroethane : Tetrachloroethane was
found to be a good solvent for observing fiber formation by
EM investigations. Owing to its slower evaporation after
placing a droplet of solution on the EM grid, the amount of
deposited material could be more precisely controlled. A
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All compounds, bis-receptor 1, trisrec ptor 2, bis-wedge 3,
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solutions obtained from this simultaneous dissolution of 1 and
3 as solids in the same flask were perfectly translucent.
However, when the solutions were left standing for several
hours at room temperature, a cloudiness appeared that
further intensified upon standing over several additional days
and resulted in a white ™precipitate∫. This precipitate did not
redissolve in tetrachloroethane, even when the suspension
was sonicated for 24 h at 50 !C
or heated under reflux at
146 !C. Only th addition of a
polar (DMSO) or protic (meth-
anol) solvent and subsequent
heating to near reflux finally
drove the redissolution of this
solid, that indeed consisted of 1
and 3 (by NMR spectroscopy).
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the presence of a polar/protic solvent that competes with the
hydrogen-bonding sites and disrupts the polymer. Such an
irreversible supramolecular polymeriz ion, as observed in
tetrachloroethane, is reminiscent of irreversible associa-
tion of proteins in th br in t form protei aggregates, whose
deposition is at the origin of neuro-degenerative diseases,
such as Alzheimer×s and Creutzfeldt ± Jakob disease.[47]
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the individual components. One possible explanation for
these observations could be that the local concentration
generated by the simultaneous dissolution of the solids is
much higher at the solid ± liquid interface during the dissolu-
tion process than in the mixing of two stock solutions. This
could lead in one case to high molecular weight aggregates
from t e very start and drive the subsequent irreversible
precipitation from the mixture with time, a trend not observed
for the m xtures prepared from separate stock solutions.
On account of these observations, all amples subsequently
studied in tetrachloroethane were prepared by directly
dissolving the compounds as their solid mixtures. Neverthe-
Figure 6. Extended, dense fiber network obtained from solutions of [1:3]n (2.5m!) in CHCl3/heptane (1:4) as
evidenced by EM direct observation (left) and cryofracturing (right) techniques.
Figure 7. Helical fibers obtained from solutions of [1:3]n (5m!) in C2H2Cl4:
a) helical fibers protruding radially from a dense tangle of material;
b) enlargement of an isolated helical fiber showing the regular half-helical
turns of 120 nm; c) breaking into rectangular rods of half a helical turn in
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As a consequence of this discovery, in the last twenty years, several approaches toward this goal have 
been pursued, dramatically increasing the palmares of 1-D supramolecular nanostructures available. In 
order to rationalize all these advancements, it is possible to classify the H-bonded mono-dimensional 
nanostructure on the base of the spatial orientation of the H-bond recognition units inside the 
supramolecular architectures. In this context two different classifications are possible: 
- Nanostructures in which the H-bond systems are formed along the supramolecular chain (H-
bonded main chains polymers) 
- Systems in which the H-bond systems is formed perpendicularly to the supramolecular chain. 
 
1.5.1 Nanostructuration of Organic Material through H-Bonded Mediated 
Supramolecular Polymerization  
 
1.5.1a Basics of Supramolecular Polymerization 
When the bonds that held together the monomeric units in a polymeric system are constituted by 
highly directional non-covalent interactions, supramolecular polymers are obtained. Although in the 
last decades a large number of approaches has been elaborated in order to create even more complicate 
polymeric architecture based on non-covalent interactions, it was only after the careful design of 
multiple H-bonds supramolecular polymers that it was possible to obtain systems showing true 
polymeric materials properties, both in solution and at the solid state. The great hope revolving around 
such kind of materials is mainly due to the possibility to combine in an easy and facile way many of 
the attractive properties of conventional polymers with the ones relating to the reversibility of the non-
covalent bonds between monomeric units. Indeed, many physico-chemical properties of this polymeric 
material, such as degree of polymerization, and its chain conformation, can be opportunely tuned 
modifying the strength of the non-covalent interactions that can be adjusted in a reversible way, 
originating in this manner a material able to respond to the external stimuli in a way impossible for 
conventional polymers. As a general principle, it is possible to form all the known structures of 
polymers, such as linear homo- and copolymers, branched structures and cross linked networks, using 
a directional complementary couple (A-B) or a self complementary unit (A-A). If non-covalent 
association of bifunctional monomers forms the polymer, the degree of polymerization will be 
determined by the association constant of the terminal groups and by the concentration of the solution. 
To produce high molecular weight macromolecules a strong prerequisite is the possibility to use 
monomers characterized by high association constants (Ka).  
A further factor that can increase the stability of the resulting supramolecular polymers can be 
considered the presence of aromatic portions, which give a planar shape to the single monomeric units, 
and therefore the possibility to self-assemble and organize along both sides of the molecular plane. 
Such kind of interactions (mostly π-π interactions) not only results in an increase of the association 
constant of the single monomers (and therefore also of the polymerization degree) but also in the 
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formation of much stiff and rod-like polymer morphologies. Differently from the standard 
polymerization reactions, the extent of supramolecular polymerization reaction is directly coupled to 
thermodynamic forces such as concentration, temperature, and pressure due to the reversible nature of 
the interactions involved. The major mechanisms, through which supramolecular polymerization 
occurs are the isodesmic[60] and/or the cooperative mechanism.[61] The first mechanism is characterized 
by the reversible formation of every single non–covalent bond, thus the process is strictly identical 
from a thermodynamic point of view and for this reason is characterized by a single association 
constant for each reversible step of the self-assembly process. On the other hand, the cooperative 
mechanism occurs in two distinct stages: a first stage known as “nucleation” step, represented by a 
linear isodesmic supramolecular polymerization characterized by an association constant Kn, related to 
the association of each monomer to the so-called “Polymerization Nucleus” and a second step, known 
as “elongation phase”, in which the addition of the monomers to the “Supramolecular Nucleus” 
continues, but with an association constant Ke (elongation constant) higher than the previous one. For 
a more detailed insight into the principles of the supramolecular polymerization process the reader is 
referred to the review and works of Meijer and De Greef on the subject.[22, 26a, 56a, 62] 
 
1.5.1b H-Bonded Supramolecular Main-Chain Polymers 
To this class belong all the nanostructures in which the H-bond recognition systems are formed along 
the supramolecular chain and the H-bond itself is the main responsible for the formation of the 1-D 
nanostructure. The formation of the final nanostructure is induced only by H-bonds interactions or can 
be assisted by secondary interactions able to increase the association strength between the single 
modules, such as van der Waals or π-π interaction. One of the most important steps towards the 
preparation of main-chain H-bonded supramolecular polymers is the synthesis reported by the groups 
of Meijer and Sijbesma in 1998, in which ureidopyrimidones (Upy) derivatives dimerize through the 
formation of a supramolecular complex based on four H-bonds, characterized by a dimerization 
constant exceeding 106 M-1 (Figure 1.9b).[63] The high dimerization constant characterizing this family 
of H-bond molecular receptors can be explained tacking into account the formation of intramolecular 
H-bonds between the ureidic carbonyl and the N-H of the pyrimidine fragments, that is able to 
stabilize the DDAA configuration. This discovering paved the way for the subsequent development of 
many different type of supramolecular homo and co-polymer based on multiple H-bonds interactions, 
due to the easy synthesis and high association constant. Recently, the UPy recognition unit has been 
used for the development of highly luminescent supramolecular polymers by the groups of Meijer and 
Schenning.[64] In this work, three p-conjugated supramolecular building blocks 18-20 (blue, red and 
green emitting respectively) functionalized at their termini with UPy moieties were synthesized 
(Figure 1.9a). The self-assembly process between these monomers resulted in the formation of a 
mixed supramolecular co-polymer, provided with three different kinds of chromophores, which at a 
certain mixing ratio led to the emission of white light (Figure1.9c, d). The same kind of white 
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emission was not achievable using a mixture of the bare unfunctionalized chromophores, highlighting 
in this way the key importance of the organization induced by the H-bond mediated. Simultaneous 
addition of aliquots of 19 and 20 into a solution of 18 induced the formation of the proposed 
supramolecular co-polymer, which at the 3/4/5 ratio: 33:8:59 afforded white photoluminescence 
(Figure 1.9d). Moreover, a spin coated ODCB solution (4.5-9 x 10-3 M) of the supramolecular polymer 
(ratio of 3/4/5 = 10:6:84) gave rise to a white photoluminescent film, showing the effective 
applicability of such system toward the preparation of luminescent devices of new generation. 
 
Figure 1.9 Molecular structures (a) of the UPy derivatives 18, 19 and 20, blue, red and green emitting respectively. 
Structural representation (b) of the quadruple H-bonds system established during the dimerization of UPy derivatives.[63] 
Schematic representation of the white-light emissive process of the supramolecular polymer formed by 18, 19 and 20. 
Photoluminescence titration experiment (d) in CHCl3 (blue line: pure module 18; green line 18 whit different amounts of 19; 
red lines: 18 with different amounts of 19 and 20), the inset show the spectra relative to a ratio (18/19/20) of 59:33:8 
(c18=1.6 x 10-6 M, λexc = 364 nm). Solution of the three different chromophores (19, 20 and 18 respectively) and a mixture 
of the three in CHCl3 (λexc = 365 nm).[64] 
Recently the same recognition system employed by Lehn to prepare linear supramolecular assemblies 
in solution has been also thoroughly investigated on surface in a joint collaborative network by our 
group by means of UHV-STM.[65] After the co-deposition of building blocks 21 and 22 on Ag(111) the 
formation of a periodic wire like assembly [21·22]n occurs (Figure1.10b-f) as a direct consequence of 
the instauration of multiple H-bonds between the diacetylaminopyridinic moieties of 21 and the 
uracilic recognition sites of 22. In addition, on the same work, it was shown that the length and the 
morphology of the resulting linear assemblies could be tuned by the addition of a third component, the 
anthracenic derivative 23, that could act as a supramolecular stopper, terminating in this way the 
elongation of the single supramolecular chains on surface. 
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Strong Dimerization of Ureidopyrimidone via Quadruple Hydrogen
Bonding
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Abstract: 6-Methyl-2-butylureidopyrimidone dimerizes via four hydrogen bonds in the solid state as well as
in CHCl3 solution via a donor-donor-acceptor-acceptor (DDAA) array of hydrogen bonding sites in the
4[1H]-pyrimidinone tautomer. An intramolecular hydrogen bond from the pyrimidine NH group to the urea
oxygen atom preorganizes the molecules for dimerization. The dimerization constant of the dimer in CHCl3
exceeds 106 M-1. In CHCl3 containing DMSO, the dimer is in equilibrium with the monomeric
6[1H]-pyrimidinone tautomer. In 6-phenyl-2-butylureidopyrimidone, the 4[1H]-pyrimidinone tautomer coexists
with the pyrimidin-4-ol form, which dimerizes with similar high dimerization constants via four hydrogen
bonds in a DADA array. The latter tautomer predominates in derivatives with electronegative 6-substituents,
like 6-nitrophenyl- and 6-trifluoromethyl-2-butylureidopyrimidone. Due to its simple preparation and high
dimerization constant, the ureidopyrimidone functionality is a useful building block for supramolecular chemistry.
Introduction
In many synthetic self-assembling structures, the components
are held together by arrays of double or triple hydrogen bonds.4
Due to their strength, directionality, and specificity, arrays of
multiple hydrogen bonds are useful building blocks for the
reliable assembly of complex structures. This combination of
advantageous properties is expected to be particularly pro-
nounced in large arrays of hydrogen bonds. That such arrays
indeed form very stable complexes has been shown for receptors
for urea,5 guanines,6 and barbiturates,7 for self-assembled
receptors,8 and for cyclic peptides that self-assemble to form
nanotubes.9 However, the use of these arrays is limited by the
synthetic efforts required for their preparation. Recently, we
reported on the dimerization of acylated triazines10 and pyri-
midines via DADA (donor-acceptor-donor-acceptor) arrays,
and on the stabilization of these dimers by intramolecular
hydrogen bonds.11 On the basis of differences in secondary
interactions,12 dimers of DDAA arrays are predicted to be more
stable than DADA dimers (Figure 1). In search of stable
hydrogen-bonded dimers, we have therefore turned our attention
to ureidopyrimidinones 1.13
In analogy to parent isocytosines,14 the 6[1H]-pyrimidinone
tautomer (Figure 2) is expected to be the most stable tautomeric
form of an isolated 2-ureido-4-pyrimidinone molecule. How-
ever, ureidopyrimidinones may actually exist as dimers of 4[1H]-
pyrimidinone and pyrimidinol tautomeric forms, since consid-
erable stabilization is expected by dimerization of the linear
array of four hydrogen bonds. Notably, both dimerization via
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Engl. 1997, 36, 1536.
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Fig re 1. Interactions in DADA and DDAA dimers. While both dimers
have four primary attractive hydrogen bonds, the DADA dimer has
six repulsive secondary interactions, whereas the DDAA dimer has two
repulsive and four attractive secondary interactions.
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4b). The dimerization constant was determined by dilution of
an equimolar mixture of UPy-OF3 and UPy-OPV4 and
re ording its fluorescence spectra at various concentrations
(Figure 4c). A decrease in acceptor emission and thus in energy
transfer efficiency was observed upon dilution below 10-7 M.
The contribution of direct xcitation could be neglected, since
a control experiment with an unsubstituted OPV showed hardly
any OPV fluorescence. Assuming equal probability for the
formation of UPy dimers between identical and different
chromophores (corresponding to 50% of heterodimers and 25%
of each type of homodimer), we could extract a dimerization
constant of 2 × 107 M-1 from the data. This value is in good
agreement with results reported for other UPy systems in
chloroform28 and high enough to ensure that, at he concentra-
tions used in the following experiments (10-6-10-5 M), the
bisUPy compounds were present exclusively as hydrogen
Figure 3. Normalized absorption (a) and fluorescence (b) spectra of diluted (µM regime) solutions of UPy-OF3-UPy (blue), UPy-OPV5-UPy (green), and
UPy-Pery-UPy (red) in chloroform.
Figure 4. (a) Structural formulas of UPy-OF3 and UPy-OPV4. (b) Fluorescence titration experiment between UPy-OF3 and UPy-OPV4 with constant
donor concentration (8.8 × 10-6 M) in CHCl3. Arrows indicate the spectral changes upon increasing the concentration of UPy-OPV4. Excitation wavelength
λexc ) 359 nm. The inset shows the corresponding Stern-Volmer plot. (c) Concentration dependence of acceptor emission in an equimolar mixture of
UPy-OF3 and UPy-OPV4 (9) and UPy-OF3 and an unfunctionalised OPV4 (0), see Supporting Information. Excitation wavelength λexc ) 359 nm.
Figure 5. (a) Titration experiment in chloroform solution (blue: pure UPy-OF3-UPy, green: successive addition of UPy-OPV5-UPy, red: further addition
of UPy-Pery-UPy). The solid arrows indicate spectral changes upon addition of UPy-OPV5-UPy to UPy-OF3-UPy, the dotted arrow upon addition of
UPy-Pery-UPy to a mixture of UPy-OF3-UPy and UPy-OPV5-UPy. The inset shows the spectrum corresponding to a ratio of 59:33:8. c(UPy-OF3-UPy)
) 1.6 × 10-6 M. Excitation wavelength λexc ) 364 nm. (b) Solutions of pure di-UPy chromophores and a white emitting mixture in chloroform under UV
irradiation (λexc ) 365 nm).
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Figure 1.10 Molecular structure (a) of the modules used by Bonifazi and co-workers to induce the formation of wire like 1-D 
structures on a Ag(111) surface by means of multiple H-bonds. UHV-STM images of the assembly [21·22]n on Ag (111) 
after annealing at 383 K. Schematic representation of the disposition of molecule 21, 22 and 23 along the 1-D assembly (c) 
and relative molecular models (d). UHV-STM images (e-f) of multicomponent submonolayers constructed by a sequential 
sublimation of molecules 21, 22, and 23 and the relative molecular modules.[65] 
Another brilliant example of supramolecular structure in which the H-bonding system was formed 
along the polymerization axes, was developed by Pei, Wang and co-workers who synthesized aromatic 
hexa-acid 24, t able to self assemble into uniform nanowires with a very high solid quantum efficiency 
(22 %) (Figure1.11).[66] In this case, the exploitation of a rigid tridimensional skeleton as building 
block core, totally increases the emissive properties of the resulting nanostructure into the first known 
example of a luminescent supramolecular nanowire based on multiple H-bond interactions.  
 
Figure 1.11 Molecular structure of hexa-acid 24 (a) and a SEM image (b) of the supramolecular nanowire obtained form its 
self-assembly through multiple H-bonds interactions. Fluorescence micrograph (c) of the supramolecular nanowire (400 x of 
magnitude). Schematic representation (d) of the self-assembly process between the single units of 24. UV-Vis and PL spectra 
(e) for 24 and for its methyil ester precursor in THF solution and solid state.[66] 
Another category of molecules able to induce the formation of supramolecular main-chain polymers is 
constituted by the simple N–unsubstituted perylene bisimide (PBI). The supramolecular 
polymerization of such compounds in apolar solvents is mainly driven by the formation of H-bonds 
interact between themselves by van der Waals forces. Two
different organizational motifs (Figure 2b and d) could be
identified within the self-assembled network of 2. In the first
motif (Figure 2b and c), two adjacent rows composed of
molecules cis-2 are laterally interacting by van der Waals
forces through directional interdigitation of the hexyl
chains,[14] resulting in double-row wires. In the second one
(Figure 2d and e), two lateral rows are linked through
sandwiched modules of trans-2, which are noncovalently
interacting through the N!H groups with the free carbonyl
groups of cis-2 molecules within the rows.
To probe the recognition properties between the different
molecular modules, we have studied the hybrid assemblies
resulting from the co-deposition of 2 and 3, 1 and 2, and 1–3,
respectively. As expected, the uracil-bearing molecules 2 and
3 do not assemble in an ordered layer, but instead form
disordered phases consisting of only 3 as well as mixed but
disordered assemblies of 2 and 3.[13] In contrast, the subse-
quent deposition of linear modules 1 and 2 resulted in the
formation of extended linear bimolecular wires, [(1·2)n],
where the two modules alternate within the linear assembly
(Figure 3). As both modules are geometrically symmetric and
bear complementary recognition groups (DAD and ADA for
1 and 2, respectively), the development of the wires unam-
biguously confirms the formation of the expected intermo-
lecular triple H bonds. The two different molecules can be
easily distinguished within the wires as bis-(DAD) 1 is
visualized as three aligned lobes and four lateral spokes, the
latter corresponding to the acetyl residues, whereas bis-ADA
2 features two lateral protrusions in a cis or a trans
configuration corresponding to the hexyl chains. The large
unit cells (3.7" 0.4 nm ! 2.4" 0.2 nm, a# 58" 48, see also
Supporting Information) measured for this arrangement
derive from the fact that the distance between the bimolec-
ular wires is alternating (denoted as i, ii, and iii in Figure 3b).
In general, molecules adsorbed on surfaces tend to pack as
densely as possible, to minimize the occupied area, and thus,
to reduce the free surface energy. As a consequence, shorter
interwire distances should be preferred. However, as mole-
cule 2 is functionalized with two lateral hexyl chains, densely
packed arrangements are limited by the space requirements
of such aliphatic chains. Therefore, the observed pattern is a
compromise between both requirements. In most cases, the
linear module 2 adopts a cis-2 configuration (for example, the
hexyl chains of row iii point towards ii), whereas the trans
configuration, trans-2 (white dotted circle, Figure 3b), is
rarely found. Sequential sublimation of molecules 1, 2, and 3
on Ag(111) yielded the linear assemblies shown in the STM
images of Figure 4. In contrast to the seemingly endless wire-
like assemblies [(1·2)n] the length of which is mainly
determined by the size of the terraces of the silver substrate
Figure 3. STM images for a mixture of molecules 1 and 2 on Ag(111)
after annealing at 383 K: a) scan range: 41.5!41.5 nm2, Vbias=!1.3 V,
It=12 pA; b) scan range: 12!12 nm
2, Vbias=!1.3 V, It=12 pA. The
unit cell, which contains four molecules, together with some molecules
has been drawn in the STM image. c) Proposed model for the
observed [(1·2)n] assembly, in which molecules 1 and 2 are alternately
arranged in a linear fashion through triple H bonds. The intra- and
inter-row distances between two neighboring central 1,4-disubstituted
phenyl rings are (1.7"0.2) nm and (1.2"0.1) nm, respectively. The
numbered lines (i–iii) show the different periodic distances between
neighboring rows (see text).
Figure 4. STM images of multicomponent submonolayers constructed
by a sequential sublimation of molecules 1, 2, and 3 on Ag(111)
surfaces. a) STM image (scan range: 50!40 nm2, Vbias=!1.7 V,
It=20 pA) of the anthracene-terminated supramolecular wires. The
inset in the upper left (13!6.5 nm2) highlights how molecule 3
interrupts the self-assembly of 1 and 2 while the surroundings still
show the closed-packed [(1·2)n] assemblies, thus creating energetically
disfavored voids (see text). Inset in the upper right (7.7!7.7 nm2):
aggregate of 3. b) Left: proposed model for the assembly of pentame-
ric [3·1·2·1·3] miniatures; Right: zoomed STM image of the assembly.
c) Left: proposed model for the assembly. Right: zoomed STM image
of some trimeric [3·1·3] miniatures.
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The basic concept of supramolecular chemistry is rooted in
the exploitation of molecular recognition events that take
advantage of spontaneous and reversible noncovalent inter-
actions for the assembly of two or more molecules into
organized architectures.[1] Selective noncovalent interactions
have been widely exploited both in solution and in the solid
state to prepare extended one- (1D), two- (2D), and three-
dimensional (3D) assemblies.[2] In this context, linear ordered
assemblies, such as supramolecular polymer-like wires,[3] ar
appealing nanostructured systems because of their potential
applications as 1D electron-transfer mediators in futuristic
molecular-based devices.[4] To probe the local properties and
functions of the supramolecular assemblies, immobilization
on surfaces is a promising approach, as a direct insight into he
self-assembly mechanism, the ordering, and the functional
properties at the molecular level[5] can be obtained by
scanning probe microscopy (SPM) techniques (for example,
scanning tunneling microscopy (STM)).[6]
A classical approach towards the formation of supra-
molecular species by the spontaneous self-assembly of
precursor building blocks is the use of H bonds.[7] The
specificity, directionality, dynamics, and complementarity of
such interactions can allow for the design of a large library of
organic modules bearing H-bond donor (D) and/or acceptor
(A) moieties with specific programmed functions and struc-
tures that could ultimately lead to the construction of many
desired functional assemblies. So far, this method has been
successfully employed on solid surfaces for the preparation of
extended one-[8] and two-component[9] assemblies. To the best
of our knowledge, no examples of three-component mini-
aturized H-bonded architectures have yet been described.
Herein we report on the supramolecular engineering of
miniaturized assemblies in which three conjugated molecular
modules, 1–3 (Figure 1), are linearly assembled through
complementary triple H bonds. Specifically, by u ing low-
temperature (LT) STM under ultrahigh vacuum (UHV)
conditions we show that modules 1 and 2 form periodic
wire-like assemblies [(1·2)n] on Ag(111)surfaces. The struc-
ture and the length of the assembly can be changed by the co-
deposition of a mo ecular stopper (3), which terminates the
wires governing the formation of linear oligomeric minia-
tures.
Figure 1. Chemical structures of the molecular modules bearing com-
plementary H-bonding recognition sites.
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The basic concept of supramolecular chemistry is rooted in
the exploitation of molecular recognition events that take
advantage of spontaneous and reversible noncovalent inter-
actions for the assembly of two or more molecules into
organized architectures.[1] Selective noncoval nt interactions
have been widely exploited both in solution and in the solid
state to prepare extended one- (1D), two- (2D), and three-
dimensional (3D) assemblies.[2] In this context, linear ordered
assemblies, such as supramolecular polym r-like wires,[3] are
appealing nanostructured systems because of their potential
applications as 1D electron-transfer mediators in futuristic
molecular-based devices.[4] To probe the local proper ies and
functions of the supramolecular assemblies, immobilization
on surfaces is a promising approach, as a direct insight into the
self-assembly mechanism, the ordering, and the functional
properties at the molecular level[5] ca be obtained by
scanning probe microscopy (SPM) techniques (for example,
scanning tunneling microscopy (STM)).[6]
A classical approach towards the formation of supra-
molecular species by the spontaneous self-assembly of
precurs r building blocks is th use of H bonds.[7] The
specificity, directionality, dynamics, and complementarity of
such interactions can allow for the design of a large library of
organic modules bearing H-bond donor (D) and/or acceptor
(A) moieties with specific programmed functions and struc-
tures that could ultimately lead to the construction of many
desired functional assemblies. S far, this method has been
successfully employed on solid surfaces for the preparation of
extended one-[8] and two-component[9] assemblies. To the best
of our knowledge, no examples of three-component mini-
aturized H-bonded architectures have yet been described.
Herein we repo t on the supramolec lar engineering of
miniaturized assemblies in which three conjugated molecular
modules, 1–3 (Figure 1), are linearly assembled through
complementary triple H bonds. Specifically, by using low-
temp rature (LT) STM under ultrahigh vacuum (UHV)
conditions we show that modules 1 and 2 form periodic
wire-like assemblies [(1·2)n] on Ag(111)surfaces. The struc-
ture and the length of the assembly can be changed by the co-
deposition of a molecular stopper (3), which terminates the
wires governing the fo mation of linear oligomeric minia-
tures.
Figure 1. Chemical structures of the molecular modules bearing com-
plementary H-bonding recognition sites.
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interact between themselves by van der Waals forces. Two
different organizational motifs (Figure 2b and d) could be
identified within the self-assembled network of 2. In the first
motif (Figure 2b and c), two adjacent rows composed of
molecules cis-2 are laterally interacting by van der Waals
forces through directional interdigitation of the hexyl
chains,[14] resulting in double-row wires. In the second one
(Figure 2d and e), two lateral rows are linked through
sandwiched modules of trans-2, which are noncovalently
interacting through the N!H groups with the free carbonyl
groups of cis-2 molecules within the rows.
To probe the rec g iti n properties between the different
molecular modules, we have studied the hybrid assemblies
resulting from the co-deposition of 2 and 3, 1 and 2, and 1–3,
respectively. As expected, the uracil-bearing molecules 2 and
3 do not assemble in an ordered layer, but instead form
disordered phases consisting of only 3 as well as mixed but
disordered assemblies of 2 and 3.[13] In contrast, the subse-
quent deposition of linear modules 1 and 2 resulted in the
formation of extended linear bimolecular wires, [(1·2)n],
where the two modules alternate within the linear assembly
(Figure 3). As both modules are geometrically symmetric and
bear complementary recognition groups (DAD and ADA for
1 and 2, respectively), the development of the wires unam-
biguously confirms the formation of the expected intermo-
lecular triple H bonds. The two different molecules can be
easily distinguished within the wires as bis-(DAD) 1 is
visualized as three aligned lobes and four lateral spokes, the
latter corresponding to the acetyl residues, whereas bis-ADA
2 features two lateral protrusions in a cis or a trans
configuration corresponding to the hexyl chains. The large
unit cells (3.7" 0.4 nm ! 2.4" 0.2 nm, a# 58" 48, see also
Supporting Information) measured for this arrangement
derive from the fact that the distance between the bimolec-
ular wires is alternating (denoted as i, ii, and iii in Figure 3b).
In general, molecules adsorbed on surfaces tend to pack as
densely as possible, to minimize the occupied area, and thus,
to reduce the free surface energy. As a consequence, shorter
interwire distances should be preferred. However, as mole-
cule 2 is functionalized with two lateral hexyl chains, densely
packed arrangements are limited by the space requirements
of such aliphatic chains. Therefore, the observed pattern is a
compromise between both requirements. In most cases, the
linear module 2 adopts a cis-2 configuration (for example, the
hexyl chains of row iii point towards ii), whereas the trans
configuration, trans-2 (white dotted circle, Figure 3b), is
rarely found. Sequential sublimation of molecules 1, 2, and 3
on Ag(111) yielded the linear assemblies shown in the STM
images of Figure 4. In contrast to the seemingly endless wire-
like assemblies [(1·2)n] the length of which is mainly
determined by the size of the terraces of the silver substrate
Figure 3. STM images for a mixture of molecules 1 and 2 on Ag(111)
after annealing at 383 K: a) scan range: 41.5!41.5 nm2, Vbias=!1.3 V,
It=12 pA; b) scan range: 12!12 nm
2, Vbias=!1.3 V, It=12 pA. The
unit cell, which contains four molecules, together with some molecules
has been drawn in the STM image. c) Proposed model for the
observed [(1·2)n] assembly, in which molecules 1 and 2 are alternately
arranged in a linear fashion through triple H bonds. The intra- and
inter-row distances between two neighboring central 1,4-disubstituted
phenyl rings are (1.7"0.2) nm and (1.2"0.1) nm, respectively. The
numbered lines (i–iii) show the different periodic distances between
neighboring rows (see text).
Figure 4. STM images of multicomponent submonolayers constructed
by a sequential sublimation of molecules 1, 2, and 3 on Ag(111)
surfaces. a) STM image (scan range: 50!40 nm2, Vbias=!1.7 V,
It=20 pA) of the anthracene-terminated supramolecular wires. The
inset in the upper left (13!6.5 nm2) highlights how molecule 3
interrupts the self-assembly of 1 and 2 while the surroundings still
show the closed-packed [(1·2)n] assemblies, thus creating energetically
disfavored voids (see text). Inset in the upper right (7.7!7.7 nm2):
aggregate of 3. b) Left: proposed model for the assembly of pentame-
ric [3·1·2·1·3] miniatures; Right: zoomed STM image of the assembly.
c) Left: proposed model for the assembly. Right: zoomed STM image
of some trimeric [3·1·3] miniatures.
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interact between themselves by van der Waals forces. Two
different organizational motifs (Figure 2b and d) could be
identified within the self-assembled network of 2. In the first
motif (Figure 2b and c), two adjacent rows composed of
molecul s cis-2 are later lly interacting by van der Waals
forces th ough directio l interdigi ation of the hexyl
chains,[14] r sulting in doubl -row wir s. In the second one
(Figure 2d and e), two lateral rows are linked through
sandwiched modules of trans-2, which are noncovalently
interacting through the N!H groups with the free carbonyl
groups of cis-2 molecules within the rows.
To probe the recognition properti s be we n the diff rent
molecular modules, we have studied the hybrid assemblies
resulting from the co-deposition of 2 and 3, 1 and 2, and 1–3,
respectively. As expected, the uracil-bearing molecules 2 and
3 do not assemble in an ordered layer, but instead form
disordered phases consisting of only 3 as well as mixed but
disordered assemblies of 2 and 3.[13] In c ntrast, the subse-
quent depositi n of linear modules 1 and 2 resulted in h
formation of extend d linear bimolecular wir , [(1·2)n],
where the two modules alternate within th linear ass mbly
(Figure 3). As both modules are geometrically symmetric and
bear complementary recognition groups (DAD and ADA for
1 and 2, respectively), the development of the wires unam-
biguously confirms the formation of the expected intermo-
lecular triple H bonds. The two differe t molecules can be
e sily di inguished within the wires as bis-(DAD) 1 is
visualized as three aligned lobes and four lateral spokes, the
latter corresponding to the acetyl r sidues, wh reas bis-ADA
2 features two lateral protrusions in a cis or a trans
configuration corresponding to the hexyl chains. The large
unit cells (3.7" 0.4 nm ! 2.4" 0.2 nm, a# 58" 48, see also
Supporting Information) measured for this arrangement
derive from the fact that the distance between the bimolec-
ular wires is alternating (denoted as i, ii, and iii in Figure 3b).
In general, molecules adsorbed on surfaces tend to pack as
densely as possible, to minimize the occupied area, and thus,
to reduce the free surface energy. As a consequence, shorter
interwire distances should be preferred. However, as mole-
cule 2 is functionalized with two lateral hexyl chains, densely
packed arrangements are limited by the space requirements
of such aliph ic hains. Therefore, t e observ d pattern is a
compromise between both requirements. In most cases, the
linear module 2 adopts cis-2 configuration (for example, the
hexyl chains of row iii point towards ii), whereas the trans
configuration, trans-2 (white dotted circle, Figure 3b), is
r rel found. Sequ ntial sublimation of molecules 1, 2, and 3
on Ag(111) yielded the linear assemblies shown in the STM
images f Figure 4. In contrast o th s emingly endless wire-
like assemblies [(1·2)n] the length of which is mainly
determined by the size of the terraces of the silver substrate
Figure 3. STM images for a mixture of molecules 1 and 2 on Ag(111)
after annealing at 383 K: a) scan range: 41.5!41.5 nm2, Vbias=!1.3 V,
It=12 pA; b) scan range: 12!12 nm
2, Vbias=!1.3 V, It=12 pA. The
unit cell, which contains four molecules, together with some molecules
has been drawn in the STM image. c) Proposed model for the
observed [(1·2)n] assembly, in which molecules 1 and 2 are alternately
arranged in a linear fashion through triple H bonds. The intra- and
inter-row distances between two neighboring central 1,4-disubstituted
phenyl rings are (1.7"0.2) nm and (1.2"0.1) nm, respectively. The
numbered lines (i–iii) show the different periodic distances between
neighboring rows (se text).
Figure 4. STM images of multicomponent submonolayers constructed
by a sequential sublimation of molecules 1, 2, and 3 on Ag(111)
surfaces. a) STM image (scan range: 50!40 nm2, Vbias=!1.7 V,
It=20 pA) of the anthracene-terminated supramolecular wires. The
inset in the upper left (13!6.5 nm2) highlights how molecule 3
interrupts the self-assembly of 1 and 2 while the surroundings still
show the closed-packed [(1·2)n] assemblies, thus creating energetically
disfavored voids (see text). Inset in the upper right (7.7!7.7 nm2):
aggregate of 3. b) Left: proposed model for the assembly of pentame-
ric [3·1·2·1·3] miniatures; Right: zoomed STM image of the assembly.
c) Left: proposed mod l for the assembly. Right: zoomed STM image
of some trimeric [3·1·3] miniatures.
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interact between themselves by van der Waals forces. Two
different organizational motifs (Figure 2b and d) could be
identified within the self-assembled network of 2. In the first
motif (Figure 2b and c), two adjacent rows composed of
molecules cis-2 are laterally interacting by van der Waals
forces through directional interdigitation of the hexyl
chains,[14] resulting in double-row wires. In the second one
(Figure 2d and e), two lateral rows are linked through
sandwiched modules of trans-2, which are noncovalently
interacting through the N!H groups with the free carbonyl
gr ups of cis-2 molecules within the rows.
To probe the recognition properties between the different
molecular modules, we have studied the hybrid assemblies
resulting f om the co-deposi on of 2 and 3, 1 and 2, and 1–3,
respectively. As expected, the uracil-bearing molecules 2 and
3 do not assemble in an ordered layer, but instead form
disordered phases consisting of o ly 3 s well as mixed but
disordered assemblies f 2 and 3.[13] In contra t, th subse-
quent deposition of linear modules 1 and 2 resulted in the
formation of extended linear bimolecular wires, [(1·2)n],
where the two modu s alternate within the linear assembly
(Figure 3). As both modules are geometrically symmetric and
bear complementary recognition groups (DAD and ADA for
1 and 2, respectively), the developme t of the wires unam-
biguously confirms the formation of the exp cted intermo-
lecular triple H bonds. The two different molecules can be
easily distinguished within the wires as bis-(DAD) 1 is
visualiz d s three aligne lob s and four lateral spokes, the
atter corresponding to the acetyl esidues, whereas bis-ADA
2 f atures two lateral protrusions in a cis or a trans
configuration corresponding to the hexyl chains. The large
unit cells (3.7" 0.4 nm ! 2.4" 0.2 nm, a# 58" 48, see also
Supporting Information) measured for this arrangement
derive from the fact that the distance between the bimolec-
ular wires is alternating (denoted as i, ii, and iii in Figure 3b).
In general, molecules adsorbed on surfaces tend to pack as
densely as possible, to minimize the occupied area, and thus,
to reduce the free surface energy. As a consequence, shorter
interwire distances should be preferred. However, as mole-
cule 2 is functionalized with two lateral hexyl chains, densely
packed arrangements are limited by the space requirements
of such aliphatic chains. Therefore, the observed pattern is a
compromise between both requirements. In most cases, the
linear module 2 adopts a cis-2 configuration (for example, the
hexyl chains of row iii point towards ii), whereas the trans
configuration, trans-2 (white dotted circle, Figure 3b), is
rarely found. Sequenti l ublimation of molecules 1, 2, and 3
on Ag(111) yielded the linear assemblies shown in the STM
images of Figure 4. In contrast to the seemingly endless wire-
like assemblies [(1·2)n] the length of which is mainly
determined by the siz of th terrace of the silver substrate
Figure 3. STM images for a mixture of molecules 1 and 2 on Ag(111)
after annealing at 383 K: a) scan range: 41.5!41.5 nm2, Vbias=!1.3 V,
It=12 pA; b) scan range: 12!12 nm
2, Vbias=!1.3 V, It=12 pA. The
unit cell, which contains four molecules, together with some molecules
has been drawn in the STM imag . c) Proposed m d l f r th
observed [(1·2)n] ssembly, in which m lecules 1 and 2 are alternately
arranged in a linear fashion through triple H bonds. The intra- and
inter-row distances between two neighboring central 1 4-disubstituted
phenyl rings are (1.7"0.2) nm a (1.2"0.1) nm, respectively. The
numbered lines (i–iii) show the different periodic distances between
neighboring rows (s e text).
Figure 4. STM imag s of multicomponent submonolayers constructed
by a sequenti l sublimation of molecules 1, 2, and 3 on Ag(111)
surf ces. a) STM image (sca range: 50!40 nm2, Vbias=!1.7 V,
It=20 pA) of the anthracene-terminated supramolecular wires. The
inset in the upper left (13!6.5 nm2) highlights how molecule 3
interrupts the self-assembly of 1 and 2 while the surroundings still
show the cl sed-packed [(1·2)n] assemblies, thus creating energetically
disfavored voids (see text). Inset in the upper right (7.7!7.7 nm2):
aggregate of 3. b) Left: proposed model for the assembly of pentame-
ric [3·1·2·1·3] miniatures; Right: zoom d STM image of the assembly.
c) Left: proposed odel for the assembly. Right: zoomed STM image
of some trimeric [3·1·3] miniatures.
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Trimodular Engineering of Linear Supramolecular Miniatures on
Ag(111) Surfaces Controlled by Complem n ary Triple Hydrogen
Bonds**
Anna Llanes-Pallas, Manfred Matena, Thomas Jung, Maurizio Prato, Meike St!hr,* and
Davide Bonifazi*
The basic concept of supramolecular chemistry is rooted in
the exploitation of molecular recognition events that take
advantage of spontaneous and reversible noncovalent inter-
actions for the assembly of two or more olecules into
organized architectures.[1] Selective noncovalent int ractions
have been widely exploited both in solution and i the s lid
state to prepare extended one- (1D), two- (2D), a d three-
dimensional (3D) assemblies.[2] In this context, linear ordered
assemblies, such as supramolecular polymer-like wir s,[3] are
appealing nanostructured systems because of their potential
applications as 1D electron-transfer mediators in futuristic
molecular-based devices.[4] To probe the local pro rties nd
functions of the supramolecular assemblies, immobilization
on surfaces is a promising approach, as a direct insight i to the
self-assembly mechanism, the ordering, and the fun ti nal
properties at the molecular level[5] can be obtained by
scanning probe microscopy (SPM) techniques (for example,
scanning tunneling microscopy (STM)).[6]
A classical approach towards the formation of supra-
molecular species by the spontaneous self-assembly of
precursor building blocks is the use of H bonds.[7] The
specificity, directionality, dynamics, and complementarity of
such int ractio s can allow for the design of a l rge library of
organic modules bearing H-bond donor (D) and/or acceptor
(A) moieties with specific programme functions and struc-
tures that could ultimately lead to the construction of many
desired functional assemblies. So far, this method has been
successfully employed n so id s rfaces for the preparation of
extended one-[8] and two-component[9] assemblies. To the best
of our knowledge, no examples of three-component mini-
aturized H-bo ded architectures have yet b en described.
Herein we report on the supramolecular engineering of
miniaturized assemblies in which three conjugated molecular
modules, 1–3 (Figure 1), are linearly assembled through
complementary tr ple H bonds. Specifically, by using low-
temperature (LT) STM un er ultrahigh vacuu (UHV)
conditions we show t at modul s 1 and 2 form periodic
wire-like assemblies [(1·2)n] on Ag(111)surfaces. The struc-
ture and the length of the assembly can be changed by the co-
deposition of a molecular stopper (3), which terminates the
wires governing the formation of linear oligomeric minia-
tures.
Figure 1. Chemical structures of the molecular modules bearing com-
plementary H-bonding recognition sites.
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interact between themselves by van der Waals forces. Two
different organizational motifs (Figure 2b and d) could be
identified within the self-assembled network of 2. In the first
motif (Figure 2b and c), two adjacent rows composed of
olecules ci -2 are laterally inter cti by van der Waals
forces through directional interdigitation of the hexyl
chains,[14] resulting in double-row wires. In the second o e
(F gure 2d and ), two lateral row are linked through
sandwiched modules f trans-2, which are noncoval ntly
interacting through the N!H grou s it the free carbonyl
groups of cis-2 molecules within the r ws.
To probe the recognition properties between t different
molecular odules, we have studied the hybrid assemblies
resulting from th co-deposition of 2 and 3, 1 an 2, and 1–3,
r spec ively. As expect d, t e uracil-bearin molecules 2 and
3 do not assemble in an ordered layer, but instead for
disordered phases cons sting of only 3 s well as mixed but
disorde ed assemblies of 2 a d 3.[13] In contrast, th subse-
quent deposit on of li ear odules 1 and 2 resulted in the
formati n of xtend d linear bimolec lar wires, [(1·2)n],
where the two m dules alternate within the li ear ssembly
(Figure 3). As both odules are geometrically sy metric and
be r co ple entary recogni on groups (DAD and ADA for
1 and 2, respec ively), the development of the ires unam-
biguously co firms the fo mation of the expected inter o-
lecular triple H bonds. The two different molecules c n be
easily dist nguished within the wires as bis-(DAD) 1 is
visualized as three aligned lobes and four later l spokes, the
latter corresponding t e acetyl residues, wh reas bis ADA
2 features two lateral protrusions in a cis or a trans
configuration corresponding to the hexyl chains. The large
unit cells (3.7" 0.4 nm ! 2.4" 0.2 nm, a# 58" 48, see also
Supporting Information) measured for this arrangement
derive from the fact that the distance between the bimolec-
ular wires is alternating (denoted as i, ii, and iii in Figure 3b).
In general, molecules adsorb d on surfaces tend to pack as
densely as possible, to minimize the occupied area, and thus,
to reduce the free surface energy. As a consequence, shorter
interwire distances should be preferred. However, as mole-
cule 2 is functionalized with two l eral hexyl chains, d sely
packe arrangements are limited by t e sp c requi ements
of uch ali hat c chains. Therefore, th observed p ttern is a
compromise between bot requirements. In most cases, the
li ear module 2 ad pts a c s-2 configurat on (for example, the
hexyl hains of row iii point owards ii), wher as the trans
configuration, trans-2 (white dotted circl , Figure 3b), i
rar ly f und. Sequ nt al su limati n of molecules 1, 2, and 3
n Ag(111) yiel ed th lin ar as mbli s shown in the STM
ima es of Figure 4. In contrast to the see ingly ndless wire-
like ass mblies [(1·2)n] the length of which is mainly
determin d by the size o the terrac s of the silve substrat
Figure 3. STM images for a mixture of molecules 1 and 2 on Ag(111)
after annealing at 383 K: a) scan range: 41.5!41.5 nm2, Vbias=!1.3 V,
It=12 pA; b) scan range: 12!12 nm
2, Vbias=!1.3 V, It=12 pA. The
unit cell, which contains four molecules, together with some molecules
has been drawn in the STM image. c) Proposed model for the
observed [(1·2)n] assembly, in which molecules 1 and 2 are alternately
arranged in a linear fashion through triple H bonds. The intra- and
inter-row distances between two neighboring central 1,4-disubstituted
phenyl rings are (1.7"0.2) nm and (1.2"0.1) nm, respectively. The
numbered lines (i–iii) show the different periodic distances between
neighboring rows (see text).
Figure 4. STM i ages of multicompon nt submonolayers const uc ed
by a sequential ublimation of olecules 1, , and 3 on Ag(111)
surf c s. a) STM image (scan range: 50!40 nm2, Vbias=!1.7 V,
It=20 pA) of the anthracene-terminated supramolecular wires. The
inset in the upper left (13!6.5 nm2) highlights how molecule 3
interrupts the self-assembly of 1 and 2 wh le the surroundings still
show the closed-packed [(1·2)n] assemblies, thus creating energetically
disfavored voids (see text). Inset in the upper right (7.7!7.7 nm2):
aggregate of 3. b) Left: proposed model for the assembly of pentame-
ric [3·1·2·1·3] miniatures; Right: zoomed STM image of the assembly.
c) Left: proposed model for the assembly. Right: zoomed STM image
of some trimeric [3·1·3] miniatures.
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ortho-lithiated biphenyl derivative on methoxy-truxenone,
followed by demethylation by BBr3 and alkylation with
n-dodecylbromide under basic conditions afforded the first
rigid intermediate. Subsequent Pd(0)-catalysed Suzuki coupling
reaction56,57 with 4-(methoxycarbonyl) phenylboronic acid,
followed by saponification reaction with LiOH yielded the
desired carboxylic hexaacid 1. When mixed in THF, hexaacid 1
undergoes self-assembly and successively self-organisation
leading to nanofibre-like structures. Scanning electron micro-
scopy (SEM) images (Fig. 1) demonstrated that uniform and
well-dispersed nanowires with diameters ranging from 100 to
200 nm and length achieving several hundred micrometres were
formed. Comparison of the photoluminescence (PL) spectra of
1 and that of the ester precursor, unable to self-assemble into
polymeric structures, showed comparable molecular absorp-
tion features (peak at 324 nm) due to the similar molecular
effective conjugation length in the ground state (Fig. 1).58
However, the assembly-event caused a 12 nm blue shift for the
1-centred emission peak (411 nm), in comparison to that of the
precursor ester module (423 nm). Despite the identical absorp-
tion maximum, in thin solid films the ester displayed a 15-nm
blue-shift (408 nm) emission with respect to the value from
solution while a 13 nm red-shift was observed for the nano-wires
of molecule 1. This is caused by the presence of the H-bonds
and a different conformation adopted by the phenyl rings in
the solid state. The absolute PL efficiency of the supramolecular
nano-rod at the solid state resulted to be 22% (compared to 32%
in solution), a relatively high value among organic nanofibres.59,60
Another example of a supramolecular-induced enhancement
of the molecular luminescent properties has been reported by
Meijer and Schenning and co-workers.61 Three p-conjugated
monomers (a blue, a green and a red-emitting one) symmetri-
cally functionalised with the self-complementary H-bonding
ureido-pyrimidinone recognition unit (UPy)62,63 were prepared.
These monomers resulted to self-assemble into mixed supra-
molecular polymers bearing the three chromophores, which
at a certain mixing ratio led to white luminescence. The same
white emission could not be achieved using mixtures of the
bare unfunctionalised chromophores, thus demonstrating the
key role of the organisation on the output properties through
a fine tuning of the energy transfer pathways between the
chromophoric species.
In Schemes 3 and 4 the synthetic pathway towards the
preparation of the three chromophores is depicted. The green-
emitting oligo(p-phenylenevinylene) 2 was prepared by stepwise
Wittig couplings64,65 of benzyl triphenylphosphonium salts
with aromatic aldehydes.66 Subsequent reduction of the peripheral
cyano groups to benzyl amines, and final coupling with an
activated UPy derivative67 yielded 2. The red-emitting 3 was
instead synthesised by reaction of a diaryloxy substituted
perylene anhydride68 with an excess of 1,4-diamino-2,6-
di-tert-butylbenzene, followed by coupling with the activated
UPy.67 Finally, the blue-emitting oligofluorene 4 was obtained
by stepwise Pd(0) catalysed Suzuki coupling of two mono-
amino fluorenes to a symmetrically bis-functionalised fluorene
core.69 Attachment of activated UPys to bis-NH2-terminated
oligofluorenes afforded the desired chromophore. As displayed
in the inset of Fig. 2, all chromophoric monomers self-assemble
into supramolecular polymers through strong (Ka= 6! 107M"1
in CDCl3) quadruple self-complementary H-bonding inter-
actions established between the UPy termination units. Fluores-
cence titrations demonstrated that the blue emitter 4 (at 407 nm)
can act as an efficient energy donor when coupled with appro-
priate energy acceptors such as the green and red emissive
chromophores 2 (at 436 nm) and 3 (at 515 and 553 nm).69
Simultaneous addition of aliquots of 2 and 3 into a solution of
4 led to the proposed supramolecular copolymer, which at
the ratio 2/3/4 = 33 : 8 : 59, afforded white photoluminescence
Fig. 1 (a) Schematic representation of the self-as embled structure of 1 at the molecular level. (b) UV-Vis and PL spectra f r 1 and for the ester
precursor in THF solution and solid state; (c–e) SEM and TEM images for the nanowires materials; (f) fluorescence micrograph of the
supramolecular nanowires (400 magnitude). (Adapted with permission from ref. 50. Copyright 2009, American Chemical Society).
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structure, and even the weak lateral interactions also together
guaranteed the intensively one-dimensional growth tendency of the
nanowires, further confirmed by analysis of high resolution TEM
images using fast Fourier transformation (FFT) and filtered inverse
FFT (Figure 1d).7
Figure 2b compares absorption and photoluminescence (PL)
spectra of ester 2 and monomer 1 both in THF solution (1.0 ×
10-6 M) and in solid states. In dilute solution, both 1 and 2 showed
the identical absorption features peaking at 324 nm due to the
similar effective conjugation length (2,7-diphenylspirofluorene
fragment) of these molecules in the ground state.4b Howev r, the
emission peak of 1 (411 nm) resulted in a 12 nm blue-shift in
comparison with that of 2 (423 nm), which resulted from the solvent
effect. In thin film, except for the identical absorption maxi um,
both 2 and 1 exhibited a shoulder around 350 nm with obvious
absorbance enhancement; however, to our surprise, the emission
λmax of 2 in thin film resulted a 15 nm blue-shift (408 nm) from
their solution, and oppositely a 13 nm red-shift was observed in
nanowires of 1, possibly caused by a different solid state conforma-
tion and the formation of H-bonds. Figure 2c shows the greenish
blue emitting nanowires under fluorescence microscope. Their
absolute photoluminescence (PL) efficiency was measured to be
22% by an integrating sphere system, which was quite high among
organic nanowires.3b,8 In comparison with the solvent efficiency
of 1 (32%), only 10% efficiency was lost in the solid state.7 Our
design provided a method to obtain 1D nanowires with relatively
high solid quantum efficiency.
In conclusion, we have developed a novel supramolecular
polymeric nanowires constructed by a 3D shape-persistent hexaacid
1 through multiple hydrogen bonding. We also obtain a single
molecular nanowire from highly dilute solution. Detailed results
demonstrate that self-assembly of 1 through such an approach
successfully led to high fluorescent nanowires by the obvious
reduction of self-quenching in the solid state. We are currently
investigating the development of nanoscale devices using these
nanowires.
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Figure 1. (a, b) SEM, (c) TEM, (d) HR-TEM images of nanowires; the
upper left inset of panel d is a FFT image of the white square zone and the
lower right is a SAED pattern. The rrows indicate the long axis of a single
nanowire.
Figure 2. (a) AFM images of an air-dried sample of the highly dilute
solution of 1 (2.4 × 10-6 M) in THF/C2H2Cl4 (1:1) eposited n a mica
substrate; (b) UV-vis and PL spectra of 2 and 1 both in THF solution and
in solid states; (c) fluorescence micrograph of supramolecular s
(400 magnitude).
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structure, and even the weak lateral interactions also together
guaranteed the intensively one-dimensional growth tendency of the
nanowires, further confirmed by analysis of high resolution TEM
images using fast Fourier transformation (FFT) and filtered inverse
FFT (Figure 1d).7
Figure 2b compares absorption and phot luminescence (PL)
spectra of ester 2 and monomer 1 both in THF oluti n (1.0 ×
10-6 M) and in solid states. In dilute solution, both 1 and 2 showed
the identical absorption features peaking at 324 nm due to the
similar effective conjugation length (2,7-dipheny spirofluoren
fr gment) of these olecule i he ground s at .4b However, the
emission peak of 1 (411 nm) resulted in a 12 nm blue-shift in
comparison with that of 2 (423 nm), which resulted from the solvent
effect. In thin film, except for the identical absorption maximum,
both 2 and 1 exhibite a shoul er around 350 nm with obvious
absorbance enhancement; however, to our surprise, the emission
λmax of 2 in thin film resulted 15 nm blue-shift (408 m) from
their solution, and oppositely a 13 nm red-shift was observed in
nanowires of 1, possibly caus by a different solid state c forma-
tion and the formation of H-bonds. Figure 2c shows the greenish
blue emitting nanowires under fluorescence microscope. Their
absolute photoluminescence (PL) efficiency was measured to be
22% by an integrating sphere system, which was quite high among
organic nanowires.3b,8 In comparison with the solvent efficiency
of 1 (32%), only 10% efficiency was lost in the solid state.7 Our
design provided a thod t o tain 1D nanowires with relatively
high solid quantum efficie cy.
I co clu ion, we hav dev loped a novel supramolecular
polymeric nanowires constructed by a 3D shape-persistent hexaacid
1 through multiple hydrogen bonding. We also obtain a single
molecular nanowire from highly dilute solution. Detailed results
demonstrate that self-assembly of 1 through such an approach
succ ssfu ly led to igh fluorescent anowires by th obvious
reduction of self-quenching in the solid state. We are currently
inv stigating the develop en of nanoscale evices using the
na owires.
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Figure 1. (a, b) SEM, (c) TEM, (d) HR-TEM images of nanowires; the
upper left inset of anel d is a FFT image of the white square zone and the
lower right is a SAED pattern. The arrows indicate the long axis of a single
nanowire.
Figure 2. (a) AFM images of an air-dried sample of the highly dilute
solution of 1 (2.4 × 10-6 M) in THF/C2H2Cl4 (1:1) deposited on a mica
substrate; (b) UV-vis and PL spectra of 2 and 1 both in THF solution and
in solid states; (c) fluorescence micrograph of supramolecular nanowires
(400 magnitude).
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ortho-lithiated biphenyl derivative on methoxy-truxenone,
followed by demethylation by BBr3 and alkylation with
n-dodecylbromide under basic conditions afforded the first
igid interm diate. Subsequent Pd(0)-catalysed Suzuki coupling
reaction56,57 with 4-(methoxycarbonyl) phenylboronic acid,
followed by saponification reaction with LiOH yielded the
desired carboxylic xaacid 1. When mixed in THF, hexaacid 1
undergoes self-assembly and successively self-organisation
leading to nanofibre-like structures. Scanning electron micro-
scopy (SEM) images (Fig. 1) demonstrated hat uniform and
well-dispersed nanowires with diameters ranging from 100 to
200 nm and length achieving several hundred micrometres were
formed. Comparison of the photoluminescence (PL) spectra of
1 and that of the ester precurs r, unabl to self-assemble into
polymeric structures, sh wed comparable molecular absorp-
tion features (peak at 324 nm) due to the similar molecular
effective conjugation length in th ground state (Fig. 1).58
Howeve , the ssembly-event caused 12 m blue s ift for the
1-centred mission pea (411 nm), in compar son to that of the
precursor ster module (423 nm). Despite the iden ical absorp-
tion maximum, i thin solid films the ester displayed a 15-nm
blue-shift (408 nm) emission with respect to the value from
solution while a 13 nm red-shift was observed fo the nano-wires
of molecule . This is caused by the r senc of the H-bonds
and different confor tion adopted by the phenyl rings in
the solid state. The absolute PL efficiency of the supramolecular
nano-rod at the solid state resulted to be 22% (co pared to 32%
in solution), a relatively high value among organic nanofibres.59,60
Another example of a supramolecular-induced enhancement
of the molecular luminescent properties has been reported by
Meijer and Schenning and co-workers.61 Three p-conjugated
monomers (a blue, a green and a red-emitting one) symmetri-
cally functionalised with the self-complementary H-bonding
ureido-pyrimidinone recognition unit (UPy)62,63 were prepared.
These monomers resulted to self-assemble into mixed supra-
molecular polymers bearing the three chromophores, which
at a certain mixing ratio led to white luminescence. The same
white emission could not be achieved using mixtures of the
bare unfunctionalised chromophores, thus demonstrating the
key role of the organisation on the output properties through
a fine tuning of the energy transfer pathways between the
chromophoric species.
In Schemes 3 and 4 the synthetic pathway towards the
preparation of the three chromophores is depicted. The green-
emitting oligo(p-phenylenevinylene) 2 was prepared by stepwise
Wittig couplings64,65 of benzyl triphenylphosphonium salts
with aromatic aldehydes.66 Subsequent reduction of the peripheral
cyano groups to benzyl amines, and final coupling with an
activated UPy derivative67 yielded 2. The red-emitting 3 was
instead synthesised by reaction of a diaryloxy substituted
pe ylene anhydride68 with an excess of 1,4-diamino-2,6-
di-tert-butylbenzene, followed by coupling with the activated
UPy.67 Finally, the blue-emitting oligofluorene 4 was obtained
y stepwis Pd(0) catalysed Suzuki coupling of two mono-
amino fluorenes to a symmetrically bis-functionalised fluorene
c re.69 Attachment of activated UPys to bis-NH2-terminated
oligofluorenes afforded the desired chromophore. As displayed
in the inset of Fig. 2, all chromophoric monomers self-assemble
into supr molecular polymers through strong (Ka= 6! 107M"1
in CDCl3) quadruple self-complementary H-bonding inter-
actions established between the UPy termination units. Fluores-
cence titrations demonstrated that the blue emitter 4 (at 407 nm)
can act as an efficient energy donor when coupled with appro-
priate energy acceptors such as the green and red emissive
chromophores 2 (at 436 nm) and 3 (at 515 and 553 nm).69
Simultaneous addition of aliquots of 2 and 3 into a solution of
4 led to the proposed supramolecular copolymer, which at
the ratio 2/3/4 = 33 : 8 : 59, afforded white photoluminescence
Fig. 1 (a) Schematic representation of th self-assembled structu of 1 t the molecula level. (b) UV-Vis and PL spectra for 1 and for the ester
precursor in THF solution and solid state; (c–e) SEM and TEM images for the nanowires materials; (f) fluorescence micrograph of the
supramolecular nanowires (400 magnitude). (Adapted with permission from ref. 50. Copyright 2009, American Chemical Society).
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structure, and even the weak lateral interactions also together
guaranteed the intensively one-dimensional growth tendency of the
nanowires, further confir d by analysis of high resolution TEM
imag s usi g fast Fourier transformation (FFT) and filtered inverse
FFT (Figure 1d).7
Figure 2b compares absorption and photoluminescence (PL)
spectra of ester 2 and mono er 1 both in THF s lut on (1.0 ×
10-6 M) and in solid states. In dilute solution, both 1 and 2 showed
the identical absorption features peaking at 324 nm due to the
similar effective conjugation length 2,7-diphenylspirofluorene
fragment) of these molecules in the ground stat .4b Howev r, the
emission peak of 1 (411 nm) res lted in a 12 n blue-shift in
comparison with that of 2 (423 nm), which resulted from the solvent
effect. In thin film, except for the identical absorption maxi um,
both 2 and 1 exhibited a shoulder around 350 nm with obvious
absorbance enhancem nt; however, to our surprise, the emission
λmax of 2 in thin film resulted a 15 nm blue-shift (408 nm) from
their solution, and oppositely a 13 nm red-shift was observed in
nanowires of 1, possibly caused by a different solid state conforma-
tion and the formation of H-bond . Figure 2c sh ws the greenish
blue emitting nanowires under fluorescence microscope. Their
absolute photolumi esc nce (PL) efficiency w s measured to be
22% by an integrating sphere system, which was quite high among
organic nanowires.3b,8 In comparison with the solvent efficiency
of 1 (32%), only 10% efficiency was lost in the solid state.7 Our
design provided a method to obtain 1D nanowires with relatively
high solid quantum efficiency.
In conclusion, we have developed a novel supramolecular
polymeric nanowires constructed by a 3D shape-persistent hexaacid
1 through multiple hydrogen bonding. We also obtain a single
molecular nanowire from highly dilute solution. Detailed results
demonstrate that self-assembly of 1 through such an approach
successfully led to high fluorescent nanowires by the obvious
reduction of self-quenching in the solid state. We are currently
investigating the development of nanoscale devices using these
nanowires.
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Figure 1. (a, b) SEM, (c) TEM, (d) HR-TEM images of nanowires; the
upper left inset of panel d is a FFT image of the white square zone and the
lower right is a SAED pattern. The arrows indicate the long axis of a single
nanowire.
Figur 2. (a) AFM images of an air-dried sample of the highly dilute
solution of 1 (2.4 × 10-6 M) in THF/C2H2Cl4 (1:1) eposited n a mica
substrate; (b) UV-vis nd PL sp ctr of 2 and 1 both in THF solution a d
in solid states; (c) fluorescence micrograph of supramolecular s
(400 magnitude).
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structure, and even the we k lateral interactio s al o togeth r
guaranteed the inten ively one-dimensional growth tendency of the
nanowires, further confirmed by analysis of high resolution TEM
images using fast Fourier transformation (FFT) and filtered inverse
FFT (Figure 1d).7
Figure 2b compares absorption and phot lumin scence (PL)
spectra of ester 2 and monomer 1 both in THF oluti n (1.0 ×
10-6 M) and in solid states. In dilute solution, both 1 and 2 showed
the identical absorption featur s peaking at 324 nm due to the
similar effective conjugation length (2,7-dipheny spirofluoren
f agme t) of these molecules in he ground s a .4b However, the
emission peak of 1 (411 nm) r sult d in a 12 nm blue-shift in
comparison with that of (4 3 nm), which result d from the solvent
effect. In thin film, except for the identical bsorption maximum,
both 2 and 1 exhibite a shoul er around 350 nm with obvious
absorbance enhancement; however, to our surprise, the emission
λmax of 2 in in fil resulted 15 nm b ue-sh ft (408 m) from
their solution, and oppositely a 13 nm red-shift was observed in
nanowires of 1, possibly caus by a different solid stat c forma-
tion and the formation of H-bonds. Figure 2c shows the greenish
blu emitting nanowires under fluorescence microscope. Their
absolute photoluminescence (PL) efficiency was measured to be
22% by an integrating sphere system, which was quite high among
organic nanowires.3b,8 In comparison with the solvent efficiency
of 1 (32%), only 10% efficiency was lost in the solid state.7 Our
design provided a method to obtain 1D nanowires with relatively
high solid quantum efficiency.
In conclusion, we have developed a novel supramolecular
polymeric nanowires constructed by a 3D shape-persistent hexaacid
1 through multiple hydrogen bonding. We also obtain a single
molecular nanowire from highly dilute solution. Detailed results
demonstrate that self-assembly of 1 through such an approach
successfully led to high fluorescent nanowires by the obvious
reduction of self-quenching in the solid state. We are currently
investigating the development of nanoscale devices using these
anowires.
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Figure 1. (a, b) SEM, (c) TEM, (d) HR-TEM image of nanowir s; the
upp r left inset of panel d s a FFT image o th whit square zone and he
lowe right is a SAED pattern. The arrows i dicate the long axi of a single
nanowire.
Figure 2. (a) AFM images of an air-dried sample of the highly dilute
solution of 1 (2.4 × 10-6 M) in THF/C2H2Cl4 (1:1) deposited on a mica
substrate; (b) UV-vis and PL spectra of 2 and 1 both in THF solution and
in solid states; (c) fluorescence micrograph of supramolecular nanowires
(400 magnitude).
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ortho-lithiated iphenyl derivative on methoxy-truxenone,
followed by demethylation by BBr3 and alkylation with
n-dodecylbromide under basic conditions afforded the first
igid int r ediate. Subsequent Pd(0)-catalysed Suzuki coupling
reaction56,57 with 4-(methoxycarbonyl) phenylboronic acid,
followed by apo ification rea tion with LiOH yielded the
desired carboxylic hexaacid 1. When mixed in THF, hexaacid 1
undergoes self-assembly and successively self-organisation
leading to nanofibre-like structures. Scanning electron micro-
scopy (SEM) images (Fig. 1) demonstrated that uniform and
well-dispersed nanowires with diameters ranging from 100 to
200 nm and length ac ieving several hundred micrometres were
formed. Comparison of the photoluminescence (PL) spectra of
1 and that of the ester precursor, unable to self-assemble into
polymeric structures, showed comparable molecular bsorp-
tion features (peak at 324 nm) due to the similar molecular
effective conjugation length in the ground state (Fig. 1).58
However, the assembly-event caused a 12 m blue shift for the
1-centred emission peak (411 nm), in comparison to that of the
precursor ester module (423 nm). Despite the identical absorp-
tion maximum, in thin solid films the ester displayed a 15-nm
blue-shift (408 nm) emission with respect to the value from
solution while a 13 nm red-shift was observed for the nano-wires
of molecule 1. This is caused by the presence of the H-bonds
and a different conformation adopted by the phenyl rings in
the solid state. The absolute PL efficiency of the supramolecular
nano-rod at the solid state resulted to be 22% (compared to 32%
in solution), a relatively high value among organic nanofibres.59,60
Another example of a supramolecular-induced enhancement
of the molecular luminescent properties has been rep rted by
Meijer and Schenning and co-worker .61 Three p-conjugated
monomers (a blue, a green and a red-emitti g one) symmetri-
cally functionalised with the self-complementary H-bonding
ureido-pyrimidinone recognition unit (UPy)62,63 were prepared.
These monomers resulted to self-assemble int mixed supra-
molecular polymers bearing the three chr mophores, which
at a certain mixing rati led to white luminescence. The same
white emission could not be achieved using mixtures of the
bar unfunctio alised c m ph res, thus de onstratin the
key role of the organisation n the utput pr perti s thr ugh
a fine tuning of the energy transfer pathways between the
chromophoric species.
I Schemes 3 and 4 the sy thetic pathway towards the
pr paration f the thre chromophores is depict . The green-
emitting ol o(p-ph nylenevinylene) 2 was pr pared by st pwis
Wittig couplings64,65 of benzyl triphenylphosphonium salts
with aromatic aldehydes.66 Subsequent reduction of the peripheral
cyano groups to benzyl amines, and final coupling with an
activated UPy derivative67 yield d 2. The red-emitting 3 was
instead synthesised by reaction of a diaryl xy substituted
perylene anhydride68 with an exc ss f 1,4-diamin -2,6-
di-tert-butylbenzene, followed by coupling with the activated
UPy.67 Finally, the blue-emitting oligofluorene 4 was obtained
by stepwise Pd(0) catalysed Suzuki coupling of two mono-
amino fluorenes to a symmetrically bis-functionalis d fluorene
core.69 Attachment of activated UPys t bis-NH2-terminated
oligofluorenes afforded the desired chromophor . As displaye
in the inset of Fig. 2, all chromophoric monomers self-assemble
into supramolecular po ymers through strong (Ka= 6! 107M"1
in CDCl3) quadruple self-complementary H-bonding inter-
actions established betwe n the UPy termination units. Flu es-
cence titrations demonstrated that the blue emitter (at 407 nm)
can act as an efficie energy d nor when cou l d w th appro-
priate energy acceptors such as the green and red emissive
chromophores 2 (at 436 nm) and 3 (at 515 and 553 nm).69
Simultaneous addition of aliquots of 2 and 3 into a solution of
4 led to the proposed supramolecular copolymer, which at
the ratio 2/3/4 = 33 : 8 : 59, afforded white photoluminescence
Fig. 1 (a) Schematic representation of the self-assembled structure of 1 at the molecular level. (b) UV-Vis and PL spectra for 1 and for the ester
precursor in THF solution and solid state; (c–e) SEM and TEM images for the nanowires materials; (f) fluoresc nce micrograp of the
supra olecular nanowires (400 magnitude). (Adapted with permission from ref. 50. Copyright 2009, American C emical Society).
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ortho-lithiated biphenyl derivative on methoxy-trux none,
followed by demethylation by BBr3 and alkylation with
n-dodecylbromide under basic condi ions afforded the first
rigid intermediate. Subsequent Pd(0)-catalysed Suzuki coupling
reaction56,57 with 4-(methoxycarbonyl) phenylboronic acid,
followed by saponification reaction with LiOH yielded the
e ired carboxylic hexaacid 1. When mixed in THF, hex acid 1
un rgoes s lf-assembly and successively self-organisation
leading to nanofibre-like structures. Scan ing electron micr -
scopy (SEM) images (Fig. 1) demon trated that uniform and
well-dispersed nanowires with dia eters ranging from 100 to
200 nm and length ac ieving several hundred icrometres were
formed. Comparison of the phot luminescence (PL) spect a of
1 and that of the ester precurso , una le to self-assemble into
polymeric structures, showed comparable molecular absorp-
tion features (peak at 324 nm) due to the similar molecular
effective conjugation length in the ground state (Fig. 1).58
However, the assembly-event caused a 12 nm blue shift for the
1-centred emission peak (411 nm), in comparison to that of the
precursor ester module (423 m). Despit th identical absorp-
tion maximum, in thin solid films the ester displayed a 15-nm
blue-shift (408 nm) emission with respect to the value from
solution while a 13 n red-shift was bs rv d f e nano-wires
of molecule 1. This is caused by the presence of the H-bonds
and a different conform tion adopted by the henyl rings in
the solid state. The absolute PL effici ncy of the supramolecular
nano-rod at the solid state resulted to be 22% (co pared to 32%
in solution), a relatively high value among orga ic n nofibr s.59,60
Another example of a supra olecular-induced enhancement
of the molecular luminescent properties has been reported by
Meijer and Schenning and co-workers.61 Three p-conjugated
monomers (a blue, a green and a red-emitting one) symmetri-
cally functionalised with the self-complementary H-b nding
ureido-pyrimidinone recognition unit (UPy)62,63 were prepared.
These monomers sulted to self- ssemble into mixed supra-
molecular polymers bearing the three chromophores, which
at a certai mixing ratio led to white luminescence. The same
white emissi n could not be achieved using mixtures of the
bare unfunctionalised chromophores, thus demonstrating the
key role f the organisation on the output properties through
a fine tuning f the energy tr nsfer pathways between the
chromophoric species.
In Schemes 3 and 4 the syntheti pathway tow rds the
preparation of the three chromophores is depicted. Th green-
emitting oligo(p-phenylenevinylene) 2 was prepared by stepwise
Wittig couplings64,65 of benzyl triphenylphosphonium salts
with aromatic ald hydes.66 Subs quent reduction of the peripheral
cyano gr ups to benzyl amines, and final coupling with an
activated UPy derivative67 yielded 2. The red-emitting 3 was
instead synthesised by reaction of a di ryloxy substituted
perylene anhydride68 wit an excess of 1,4-di mino-2,6-
di-tert-butylbenzene, followed by coupling with the activated
UPy.67 Finally, the blue-emitting oligofluorene 4 was obtained
by stepwise Pd(0) catalysed Suzuki coup ing of two mono-
amino fluorenes to a symmetrically bis-functionalised fluorene
core.69 Attachment of activated UPys to bis-NH2-terminated
oligofluorenes afforded the desired chromophore. As displayed
in he inset of Fig. , all chromophoric monomers self-assemble
into supramol cular polymers through strong (Ka= 6! 107M"1
in CDCl3) quadruple self-complementary H-bonding inter-
actions established between the UPy t rmina ion units. Fluores-
ce ce titration demonstrated that the lu emitter 4 ( t 407 m)
can act as an efficient nergy donor when co pled with appro-
priate energy acceptors such as the green and red e issive
chromophores 2 (at 436 nm) and 3 (at 515 and 553 nm).69
Simultaneous addition of liquots of 2 nd 3 into solutio of
4 led to the proposed supramol cular copolymer, which at
the ratio 2/3/4 = 33 : 8 : 59, afforded white photolumine cence
Fig. 1 (a) Schematic representation of the self-assembled structure of 1 at the molecular level. (b) UV-Vis and PL spectra for 1 and for the ester
precursor in THF solution and solid state; (c–e) SEM and TEM images for the nanowires materials; (f) fluorescence micrograph of the
supramolecular nanowires (400 magnitude). (Adapted with permission from ref. 50. Cop right 2009, American Chemic l Soci ty).
Do
wn
loa
de
d b
y U
niv
ers
ita
 St
ud
i d
i T
rie
ste
 on
 19
 D
ec
em
be
r 2
01
1
Pu
bli
sh
ed
 on
 12
 Ju
ly 
20
11
 on
 ht
tp:
//p
ub
s.r
sc.
org
 | d
oi:
10
.10
39
/C
1C
S1
50
31
F
View Online
c)#
214 Chem. Soc. Rev., 2012, 41, 211–241 This journal is c The Royal Society of Chemistry 2012
ortho-lithiated biphenyl derivative on methoxy-truxenone,
followed by demethylation by BBr3 and alkylation with
n-dodecylbromide under basic cond tions afford d the first
rigid intermediate. Subs quent Pd(0)-catalysed Suzuki coupling
reaction56,57 with 4-(methoxycarbonyl) phenylboronic acid,
followed by saponification reaction with LiOH yielded the
desired carboxylic hexa cid 1. When mixed in THF, hexaacid 1
undergoes self-assembly and succ ssively self-organisation
leading to nanofibre-like structures. Sca ning electro micro-
scopy (SEM) images (Fig. 1) demonstrated that uniform and
ell-dispersed nanowires with iameters ranging from 100 to
200 nm and length achiev g several hundred micrometres were
form d. Compa ison of the ph tolumin scence (PL) spe tra f
1 and that f the ester precursor, unab e to s lf-assemble into
polymeric structures, showed c mparable olecular absorp-
tio features (p ak at 324 nm) due to the similar olecular
effective conjugation length in the ground stat (Fig. 1).58
Howev r, the asse bly-event c u ed a 12 nm bl e shift for the
1-centred emission peak (411 nm), in comp is n to that of th
precursor ester module (423 nm). Despite the identical absorp-
tion maximum, in thin solid films the ester displayed a 15-nm
blue-shift (408 nm) emission with respect to the val e from
solution while a 13 nm red-shift was observed for the nano-wires
of molecule 1. This is caused by the presence of th H-bonds
and a different conform tion adopt d by the phenyl rings in
the solid state. The absolute PL efficiency of the supramolecular
nano-rod at the solid state resulted to be 22% (compared to 32%
in solution), a relatively high value among organic nanofibres.59,60
Another example of a supramole ula -induced enhancement
of the molecular luminescent properties has been reported by
Meijer and Schenning and co-workers.61 Three p-conjugated
mono ers (a blue, a green and a red-emitting one) symmetri-
cally functionalised with the self-complementary H-bonding
ureido-p rimidinone recogni ion uni (UPy)62,63 w re prepared.
These monomers resulted to self-assemble into mixed supra-
molecular polymers bearing the three chromophores, which
at a certain mixing ratio led to white luminescence. The same
white emission could not be achieved using mixtures of the
bare unfunctionalised chromophores, thus demonstrating the
key role of the organisation on the output properties through
a fine tuning of the energy transf r pathways between the
chromophoric species.
In chemes 3 and 4 the synthetic pathway towards the
pre aration of the three chromo hores is depicted. The green-
emitting olig (p-phenylenevinylene) 2 was prepared by stepwise
Wittig couplings64,65 of benzyl triphenylphos honium salts
with aromatic aldehydes.66 Subsequent reduction of the peripheral
cyano groups to b nzyl amines, and final coupling with an
activat UPy derivative67 yielded 2. The red-emitting 3 was
i stead synthesised by reaction of a di ryloxy substituted
perylene anhydride68 with a excess of 1,4-diamino-2,6-
di-tert-butylbenzene, followed by coupling with the activated
U y.67 Finally, the blue-emitting oligofluorene 4 was obtained
by stepwise Pd(0) catalysed Suzuki coupling f two mono-
amino fluorenes to a symmetrically bis-functionalised fluorene
core.69 Attachment of activated UPys to bis-NH2-terminated
oligofluorenes afforded the desired chromophore. As displayed
in the inset of Fig. 2, all chromophoric monomers self-assemble
into supramolecular polymers through strong (Ka= 6! 107M"1
in CDCl3) quadruple self-complementary H-bonding inter-
actions established between the UPy termination units. Fluores-
cence titrations demonstrated that the blue emitter 4 (at 407 nm)
can act as an effici nt energy do or when coupled with appro-
priate energy acceptors such as the green and red emissive
chromophores 2 (at 436 nm) and 3 (at 515 and 553 nm).69
Simultaneous addition of aliquots of 2 and 3 into a solution of
4 led to the proposed supramolecular copolymer, which at
the ratio 2/3/4 = 33 : 8 : 59, afforded white photoluminescence
Fig. 1 (a) Schematic representation of the self-assembled structure of 1 at the molecular level. (b) UV-Vis and PL spectra for 1 and for the ester
precursor in THF solution and solid state; (c–e) SEM and TEM images for the nanowires materials; (f) fluorescence micrograph of the
supramolecular nanowires (400 magnitud ). (Adapted with permission from ref. 50. Copyright 2009, American Chemical Society).
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pair upon antiparallel arrangements of their imidic termini and the collateral aggregation of the 
resulting chains. Würthner and co-workers, recently synthesize a series of highly fluorescent 
tetraaryloxy-substituted PBI derivatives 25-29 (Figure 1.12a), equipped with different peripheral 
chains, in order to extensively investigate the homo-molecular recognition process between PBI 
molecular modules substituted with different bulky groups at the bay positions.[67]  
 
Figure 1.12 Chemical structures (a) of PBI derivatives 25-29. TM-AFM images (b, c) at different magnifications of the self-
assembled nanofibers obtained by drop casting a MCH solution of 28 on a silicon surface. Schematic representation (d) of the 
homomolecular self-assembly between the PBI units. Molecular model (e) obtained with AMBER force field for the 
supramolecular structure of perylene bisimide 25 aggregates. The half of an helical pitch p/2 was calculated as 6 nm.[67] 
By combining different spectroscopic (UV-Vis, CD and LD spectroscopy), and microscopic (AFM, 
STM) techniques it was possible to reveal that the self-assembly between PBIs units was occurring 
through the formation of extended double string cables, which consist of two H-bonded 
supramolecular polymeric chains of densely packed and strongly excitonically-coupled PBI 
chromophores, able to provide highly fluorescent J-aggregates (Figure 1.12e). The aggregation 
stability of the nanostructure and the photoemissive properties of the J-aggregates have proven to be in 
strict relation with the structure of the peripheral alkoxy substituent. Furthermore, concentration-
dependent UV-Vis absorption studies proved the presence of a cooperative nucleation-elongation 
mechanism responsible for the aggregation of the assemblies in which the PBI core was functionalized 
with chiral alkoxy-moieties, providing a nucleation equilibrium constant of Kn= 13 ± 11L mol-1, and an 
elongation constant of Ke= 2.3 ± 0.1 x 106 L mol-1in methylcyclohexane (MCH).  
Another important class of compounds able to unidimensionally self-assemble into supramolecular 
nanostructure are the 1,3,5-benzene trisamide (BTA). This aromatic module is very well-known in 
literature thanks to its ability to induce the formation of 1-D supramolecular polymers both in solution 
and at the solid state, as a result of the three-fold α-helix type arrangement of its intermolecular H-
bonds.[68] On the basis of Uv-Vis and CD spectroscopy, several alkylated BTA derivatives have proved 
to self-assemble by means of highly cooperative processes. In this context, the highest degree of 
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Spectroscopic Studies. The observed strongly bathochromi-
cally shifted absorption bands of the aggregates of PBIs 1a-e
can be explained by Kasha’s theory, which is an approximation,
based on the assumption that the transition dipole moments of
the monomers are point dipoles.24 The distance of the mono-
meric units plays an important role for the spectral shift as well
as the angle of the center of one monomer to the center of the
adjacent monomer and to the aggregate direction (see also Figure
S14, Supporting Information). For short distances and small
angles (close to 0°), the spectral shift is strongly bathochromic
(J-aggregate), while for short distances and large angles (close
to 90°) it is strongly hypsochromic (H-aggregate), and for large
distances or angles around 54.7° the spectral shifts are rather
small.24 This implies that in present assemblies, for which
strongly bathochromic shifted J-bands are observed, the mono-
mers are quite closely packed with short distances to each other
and the slip angle resulting from the translational offset of the
monomers is small.
Under the premise that only nearest neighbors interact in an
aggregate composed of a sufficiently large number of mol-
Figure 5. Tapping-mode height AFM images of (A, B) perylene bisimide
1a monolayers adsorbed on basal plane of HOPG by spin-coating (4000
rpm) from MCH solution (c ) 6 × 10-5 mol L-1). [Inset in (A)] Cross-
section analysis provided an average height value of 0.3 ( 0.1 nm and a
width of 5.7 ( 0.2 nm for the aligned rows. AFM studies with solutions of
perylene bisimide 1a in toluene and CCl4 provided similar results (images
are not shown). (C, E) Self-assemblies of 1d spin-coated (2000 rpm) onto
silicon wafers from MCH solutions (c ) 5 × 10-6 mol L-1). (D) Cross-
section analysis along the yellow line in (C) provided a height value of 2.0
( 0.2 nm for PBI 1d assemblies. In image (E) the periodic top-to-top length
(corresponding to the half-pitch p/2; m asured as 6.9 ( 2.0 nm) could be
visualized. (F) AFM height image of 3:7 intermixed aggregates of 1e and
1d spin-coated onto silicon wafers from solution in MCH (c ) 7 × 10-6
mol L-1). The scale bars and z scales are (A): 45 and 1.5 nm, (B): 45 and
2.0 nm (C): 300 and 5 nm, (E): 100 and 5 nm, (F): 200 and 5 nm,
respectively. (G) Molecular model (HyperChem Release 7.03 for Windows,
AMBER force field) for the supramolecular structure of perylene bisimide
1 aggregates. The half of a helical pitch p/2 was calculated as 6 nm. For
this graphic, Accelrys DS ViewerPro 5.0 was used.38 Perylene cores
including oxygens at bay positions and free carbonyl oxygens are shown
in red or orange, and hydrogen-bonded carbonyl oxygens and imide
hydrogens are shown in green. Phenoxy substituents are omitted for clarity.
Table 4. Dimensions of PBI 1a-e Aggregates Spin-Coated onto
Silicon Wafers from MCH Solutions Determined by AFM
Measurements
PBI height (nm) width (nm) pitch (nm)
1aa 2.0 ( 0.2 8.4 ( 2.6 13.0 ( 3.4
1b 1.9 ( 0.2 8.2 ( 2.5 13.5 ( 2.5
1c 2.5 ( 0.3 7.2 ( 2.5 -b
calcd 3.0c 5.7c 12.0d
1d 2.0 ( 0.2 8.2 ( 1.7 13.8 (4.0
1e 2.2 ( 0.4 8.6 ( 3.0 15.0 (4.0
1e/1d (30:70) 2.0 ( 0.3 8.1 ( 1.5 15.4 ( 3.8
calcd 3.0c 4.8c 12.0d
a The values are taken from ref 22a and shown for completeness.
b No pitch could be resolved. c Obtained from MM3 calculations.
d Obtained from AMBER force field calculations.
Figure 6. STM images of perylene bisimide 1a aggregates on the basal
plane of HOPG spin-coated (4000 rpm) from MCH solution (c ) 6 × 10-5
mol L-1). Tunneling parameters: (A) I ) 1.32 pA, U ) -0.87 V; (B) I )
1.0 pA, U ) -1.20 V. Scale bars are 20 nm, z scale: 0.7 nm. Image (C) is
a zoomed and filtered section of image (B). Scale bar is 5 nm. (D) Schematic
illustration of the molecular arrangement of PBI 1a (R ) C12H25) on HOPG.
Unit cell parameters a, b, and γ are 3.9 ( 0.2 nm, 1.6 ( 0.2 nm, and 72
( 5°, respectively.
J. AM. CHEM. SOC. 9 VOL. 131, NO. 19, 2009 6727
Self-Assembled Fluorescent J-Aggregates of Perylene Bisimides A R T I C L E S
Spect o copic Studies. The observed strongly bathochromi-
cally shifted absorption bands of the aggregates of PBIs 1a-e
can be explained by Kasha’s theory, which is an approxim tion,
based on the assumption that the transition dipole mome ts of
th monomers are point dip les.24 The distance of the mono-
meric units plays an important role for the spectral shift as well
as the angle of the center of one monomer to the center of the
adjacent monomer and to the aggregate direction (see also Figure
S14, Supporting Information). For short distances and small
angles (close to 0°), the spectral shift is strongly bathochromic
(J-aggregate), while for short distances and large angles (close
to 90°) it is strongly hypsochromic (H-aggregate), and for large
distances or angles around 54.7° the spectral shifts are rather
small.24 This implies that in present assemblies, for which
strongly bathochromic shifted J-bands are observed, the mono-
mers are quite closely packed with short distances to each other
and the slip angle resulting from the translational offset of the
monomers is small.
Under the premise that only nearest neighbors interact in an
aggregate composed of a sufficiently large number of mol-
Figure 5. Tapping-mode height AFM images of (A, B) perylene bisimide
1a monolayers adsorbed on basal plane of HOPG by spin-coating (4000
rpm) from MCH solution (c ) 6 × 10-5 mol L-1). [Inset in (A)] Cross-
section analysis provided an average height value of 0.3 ( 0.1 nm and a
width of 5.7 ( 0.2 nm for the aligned rows. AFM studies with solutions of
perylene bisimide 1a in toluene and CCl4 provided similar results (images
are not shown). (C, E) Self-assemblies of 1d spin-coated (2000 rpm) onto
silicon wafers from MCH solutions (c ) 5 × 10-6 mol L-1). (D) Cross-
section analysis along the yellow line in (C) provided a height value of 2.0
( 0.2 nm for PBI 1d assemblies. In image (E) the periodic top-to-top length
(corresponding to the half-pitch p/2; measured as 6.9 ( 2.0 nm) could be
visualized. (F) AFM height image of 3:7 intermixed aggregates of 1e and
1d spin-coated onto silicon wafers from solution in MCH (c ) 7 × 10-6
mol L-1). The scale bars and z scales are (A): 45 and 1.5 nm, (B): 45 and
2.0 nm (C): 300 and 5 nm, (E): 100 and 5 nm, (F): 200 and 5 nm,
respectively. (G) Molecular model (HyperChem Release 7.03 for Windows,
AMBER force field) for the supramolecular structure of perylene bisimide
1 aggregates. The half of a helical pitch p/2 was calculated as 6 nm. For
this graphic, Accelrys DS ViewerPro 5.0 was used.38 Perylene cores
including oxygens at bay positions and free carbonyl oxygens are shown
in red or orange, and hydrogen-bonded carbonyl oxygens and imide
hydrogens are shown in green. Phenoxy substituents are omitted for clarity.
Table 4. Dimensions of PBI 1a-e Aggregates Spin-Coated onto
Silicon Wafers from MCH Solutions Determined by AFM
Measurements
PBI height (nm) width (nm) pitch (nm)
1aa 2.0 ( 0.2 8.4 ( 2.6 13.0 ( 3.4
1b 1.9 ( 0.2 8.2 ( 2.5 13.5 ( 2.5
1c 2.5 ( 0.3 7.2 ( 2.5 -b
calcd 3.0c 5.7c 12.0d
1d 2.0 ( 0.2 8.2 ( 1.7 13.8 (4.0
1e 2.2 ( 0.4 8.6 ( 3.0 15.0 (4.0
1e/1d (30:70) 2.0 ( 0.3 8.1 ( 1.5 15.4 ( 3.8
calcd 3.0c 4.8c 12.0d
a The values are taken from ref 22a and shown for completeness.
b No pitch could be resolved. c Obtained from MM3 calculations.
d Obtained from AMBER force field calculations.
Figure 6. STM images of perylene bisimide 1a aggregates on the basal
plane of HOPG spin-coated (4000 rpm) from MCH solution (c ) 6 × 10-5
mol L-1). Tunneling parameters: (A) I ) 1.32 pA, U ) -0.87 V; (B) I )
1.0 pA, U ) -1.20 V. Scale bars are 20 nm, z scale: 0.7 nm. Image (C) is
a zoomed and filtered section of image (B). Scale bar is 5 nm. (D) Schematic
illustration of the molecular arrangement of PBI 1a (R ) C12H25) on HOPG.
Unit cell parameters a, b, and γ are 3.9 ( 0.2 nm, 1.6 ( 0.2 nm, and 72
( 5°, respectively.
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Spectroscopic Studies. The observ d stron ly bath chromi-
cally shifted absorpti n bands of the aggregates of PBIs 1a-e
can be explained by Kasha’s theory, which is an approximation,
based on the assumption that the transition dipole moments of
the monomers are point dipoles.24 The distance of the mono-
meric units plays an important role for the spectral shift as well
as the angle of the center of one monomer to the center of the
adjacent monomer a d to the aggregate direction (see also Figure
S14, Supporti Information . For short distances and small
angles (close to 0°), the spectral shift is strongly bathochromic
(J-aggregate), while for short distances and large angles (close
to 90°) it is strongly hypsochromic (H-aggre ate), and for large
distances or angles around 54.7° the spectral shifts are rather
small.24 This implies that in present assemblies, for which
strongly bathochromic shifted J-bands are observed, the mono-
mers are quite closely packed with short distances to each other
and the slip angle resulting from the translational offset of the
monomers is small.
Under the premise that only nearest neighbors interact in an
aggregate composed of a sufficiently large number of mol-
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1a monolayers adsorbed on basal plane of HOPG by spin-coating (4000
rpm) from MCH solution (c ) 6 × 10-5 mol L-1). [Inset in (A)] Cross-
section analysis provided an average height value of 0.3 ( 0.1 m and a
width of 5.7 ( 0.2 nm for the aligned rows. AFM studies with solutions of
perylene bisimide 1a in toluene and CCl4 provided si ilar results ( mages
are not shown). (C, E) Self-assemblies of 1d spin-coated (2000 rpm) onto
silicon wafers from MCH solutions (c ) 5 × 10-6 mol L-1). (D) Cross-
section analysis along the yellow line in (C) provided a height value of 2.0
( 0.2 nm for PBI 1d assemblies. In image (E) the periodic top-to-top length
(corresponding to the half-pitch p/2; measured as 6.9 ( 2.0 nm) could be
visualized. (F) AFM height image of 3:7 intermixed aggregates of 1e and
1d spin-coated onto silicon wafers fro solution in MCH (c ) 7 × 10-6
mol L-1). The scale ars and z scales are (A): 45 and 1.5 nm, (B): 45 and
2.0 nm (C): 300 and 5 nm, (E): 100 and 5 nm, (F): 200 and 5 nm,
respectively. (G) Molecular model (HyperChem Release 7.03 for Windows,
AMBER force field) for the supramolecular structure f perylene bisimide
1 aggregates. The half of a helical pitch p/2 was calculated as 6 nm. For
this graphic, Accelrys DS ViewerPro 5.0 was used.38 Perylene cores
including oxygens at bay positions and free carbonyl oxygens are shown
in red or orange, and hydrogen-bonded carbonyl oxygens and imide
hydrogens are shown in green. Phenoxy substituents are omitted for clarity.
Table 4. Dimensions of PBI 1a-e Aggregates Spin-Coated onto
Silicon Wafers from MCH Solutions Determined by AFM
Measurements
PBI height (nm) width (nm) pitch (nm)
1aa 2.0 ( 0.2 8.4 ( 2.6 13.0 ( 3.4
1b 1.9 ( 0.2 8.2 ( 2.5 13.5 ( 2.5
1c 2.5 ( 0.3 7.2 ( 2.5 -b
calcd 3.0c 5.7c 12.0d
1d 2.0 ( 0.2 8.2 ( 1.7 13.8 (4.0
1e 2.2 ( 0.4 8.6 ( 3.0 15.0 (4.0
1e/1d (30:70) 2.0 ( 0.3 8.1 ( 1.5 15.4 ( 3.8
calcd 3.0c 4.8c 12.0d
The values are taken from ref 22a and shown for completeness.
b No pitch could be resolved. c Obtained from MM3 calculations.
d Obtained from AMBER force field calculations.
Figure 6. STM images of perylene bisimide 1a aggregates on the basal
plane of HOPG spin-coated (4000 rpm) from MCH solution (c ) 6 × 10-5
mol L-1). Tunneling parameters: (A) I ) 1.32 pA, U ) -0.87 V; (B) I )
1.0 pA, U ) -1.20 V. Scale bars are 20 nm, z scale: 0.7 nm. Ima e (C) is
a zoomed and filtered section of image (B). Sc le bar is 5 nm. (D) Schematic
illustration of the molecular arrangement of PBI 1a (R ) C12H25) on HOPG.
Unit cell parameters a, b, and γ are 3.9 ( 0.2 nm, 1.6 ( 0.2 nm, and 72
( 5°, respectively.
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cooperativity was shown by chiral molecular derivatives that were also able to induce chiral 
amplifications by means of “sergeant-and-soldier” effect.[69] As a consequence of the different 
functionalizations at the level of the amidic functionalities, different types of supramolecular systems 
can be formed, such as nanorods,[70] nanofibers[71] or liquid crystals.[72] In a recent work, the group of 
Nolte was able to synthesized the tri-porphyrinoid derivative of BTA 31, that was able to self-
assemble in CHX already at micromolar concentrations into long, chiral supramolecular polymers, 
which precipitated as fibers when the solution was drop casted on mica surface.[73]  
 
Figure 1.13 Molecular structure (a) and self-assembly mechanism of BTA modules mediated by threefold helical H-
bonds.[68] Molecular structures of the triphenylene BTA derivative 30 and the porphyrin derivative 31 (b). Schematic 
representation of the assembly mechanism of the porphyrin derivative 31 in solution and on mica surface. TM-AFM image 
(e) of the self-assembled nanofibers originated from the depositon of a CHCl3 solution of 31 on a mica surface.[73] 
In contrast, in CHCl3 BTA derivative 31 resulted to be molecularly dissolved up to concentration of 
0.02 mM and after drop casting on mica surface no macroscopic precipitation of fibroid material was 
observed. However, when the CHCl3 solution was subjected to a spinoidal dewetting, equidistant 
pattern of 1-D columnar assembly with a diameter comparable with the one of the single molecule 
were formed (Figure 1.13c-e). 
Exploiting the same recognition motif, Marcelis and co-worker, exploiting BTA derivative 30, were 
able to organize triphenylene groups into columnar nanostructures forming plastic hexagonal discotic 
phases possessing the highest charge carrier mobility (0.12 cm2 V-1 s-1 at 180 °C)  known ever amongst 
triphenylenes-bsed liquid crystalline systems.[74] Τhe tris-amide functionality has been also very 
recently exploited by Garcìa and Sanchèz to study the transfer of chirality in different columnar 
nanostructures obtained with OPE derivatives.[75] 
4743 dx.doi.org/10.1021/ja2004494 |J. Am. Chem. Soc. 2011, 133, 4742–4745
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during the polymerization (Figure S3D). Th nu ber of ruthe-
nium atomswas estimated at 2.5 per chain by inductively coupled
plasma atomic emission spectroscopy (ICP-AES: polymer-
bound Ru = 50 μmol/g-polymer); an almost quantitative
incorporation of the fed catalyst. Similarly as above, the char-
act rization of the sequence-controlled terpolymer P8 is in full
agreement with the structure assigned (Table S1, Figure S3).
As a result of the hydrophilic PEG side chains, all
(co)polymers P1!P8 are soluble in water. Since hydrophobic
and hydrogen-bonding BTA units are randomly incorporated
into the side chains, these copolymers are expected to form
compact conformations via the intramolecular self-assembly of
the BTA moieties in water. Thus, the polymers were analyzed by
SEC, dynamic and static light scattering (DLS and SLS), multi-
angle laser light scattering coupled with SEC (SEC-MALLS),
diﬀusion ordered spectroscopy (DOSY), and small-angle X-ray
scattering (SAXS) (Tables S2!S5, Figures S4!S7). SEC in
water and DMF (PEG standards) showed unimodal peaks with
narrow Mw/Mn ratios for both P6 (without BTA moieties) and
P7 (with 10% BTA moieties) (Figure 2a). Interestingly, in water
the peak top and number average molecular weight of the
copolymer (P7) are smaller (∼10 kg/mol) than those of the
homopolymer (P6), while they show similar molecular weights
in DMF. This suggests that the hydrodynamic radius (Rh) of P7
is strongly aﬀected by the nature of the solvent, water or DMF.
On the other hand, the absoluteweight averagemolecular weights
of the copolymer (P7) are similar in water (Mw = 146 000
determined by SLS) and DMF (Mw = 149 000 determined by
SEC-MALLS) (Table S2). DLS measurements in water at 1 mg/
mL (Table S3) conﬁrm that the Rh of P7 is smaller than that of
P6 (Rh = 6.8 and 7.8 nm for P7 and P6, respectively). The
copolymer maintained a smaller size than the homopolymer,
independent of the temperature between 25 and 60 !C and the
concentration (1.0!5.0 mg/mL). The compact conformation in
water of P7 in contrast to P6 was further supported by SAXS
measurements of the two samples in terms of the radius of
gyration (Rg) and the excluded volume parameter (ν) (Rg =
6.7 nm and ν = 0.253 for P7, Rg =8.5 nm and ν = 0.368 for P6)
(Figure S6, Table S4). Similar to the case of P7, all copolymers
with 5 to 10% BTA units (P2, P3, P5, P8) fold into compact
conformations of nanosize dimensions in water. They all show
almost the same absolute weight averagemolecular weights (Mw)
in water and DMF and small Rh's (4.8!6.8 nm) with narrow
polydispersities as determined by DLS in water (Tables S2, S3).
Additionally, the Rh of the PEGMA/BTAMA copolymers (P3:
10% BTA; 8.5 PEG) by DLS in water is very close to the one
determined by 1H DOSY NMR in D2O [Rh (DLS) = 5.3 nm, Rh
(DOSY) = 5.2 nm] (Figure S7). Cryogenic transmission electron
microscopy (cryo-TEM) is also a powerful characterization
technique thanks to the high contrast of the nanoparticles’ hard
helical core in vitriﬁed water. The BTA-rich part of the
(co)polymers can be directly observed as black dots by cryo-
TEM (Figures 2b, S8). Typically, P8 almost uniformly showed
nanoparticles of around 3 to 4 nm diameter, without any
intermolecular aggregation. The observed dots probably indicate
the hydrophobic cores of the core!shell-like structures, due to
the low contrast of the swollen hydrophilic shell in water. These
results demonstrate that the PEGMA/BTAMA copolymers with
and without Ru-catalytic sites form single-chain nanoparticles in
water and that there is no intermolecular aggregation. The
collapse is proposed to be the result of the folding through
hydrogen-bonding interactions of the BTA pendant groups
within the hydrophobic compartment (Figures 1d, S9).
For studying the folding process of the single-chain nanopar-
ticles, we made use of the stereochemical probe introduced into
the self-assembling BTA unit. The PEGMA/BTAMA copolymer
P3 in water was investigated with temperature-dependent Cir-
cular Dichroism (CD) spectroscopy at 10 K intervals between
273 and 363 K (Figure 3a) and temperature-dependent UV!vis
(Figure S10). P3 exhibits a bisignate Cotton eﬀect identical to
that previously observed for the helical BTA self-assembly in
alkane solvents (CBTA = 50 μM) demonstrating that even in
water helical stacks stabilized by 3-fold hydrogen bonding are
formed.18,19 The negative Cotton eﬀect at 225 nm decreased
upon heating the solution from 273 to 363 K, and the solution
ﬁnally turned turbid due to the lower critical solution tempera-
ture (LCST) of the PEG chains above 358 K. Full reversibility
without hysteresis was observed upon slow cooling (Figure S11).
While all BTA-bearing copolymers P2!5 and P7,8 exhibit CD
spectra of similar shape in water at 293 K (CBTA = 50 μM)
(Figure 3b, Figure S12!S16), the polymer composition, PEG
chain length, BTA concentration, and addition of denaturing
Figure 1. (a) Helical self-assembly of chiral BTAs via 3-fold hydrogen
bonding. Design of water-soluble chiral polymers for supramolecular
folding in water: (b) PEGMA/BTAMA copolymers (P1!P7) with l =
average number of glycol units, m = average number of PEGMA units,
n = average number of BTAMA units, and o = average number of
dodecyl methacrylate units; (c) Ru-PEGMA/BTAMA/SDP segmented
terpolymer P8. (d) Supramolecular single-chain folding of polymers in
water aﬀording a compartmentalized catalyst for the transfer hydro-
genation of ketones.
Figure 2. (a) SEC analysis of P6 and P7 in water and DMF; all
molecular weights are given in g/mol and determined with respect
to PEG standards. (b) Cryo-TEM images of P8 (Mw,SLS = 105,000,
Rh,DLS = 6.8 nm): Magniﬁcation = 62 k.
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interesting if they cooperate with pi-pi stacking and solvo-
phobic interactions and form polymeric arrays alo g the
fiber axis (Figure 1a). In this way, the kinetic a d thermo-
dynamic stability of the wires will be reinforced significantly
and the position of the pi-conjugated cores within the fibers
can be fixed. That is the case of some H-bonding functions,
classically amides or ureas, when properly attach d to the
dye cores.
Since the first article by Schoonbeek et al. in 1999,
where mono- and bithiophene bearing pendant alkylur-
eas were organized into fibers that dis l yed impr ved
charge transport features,10 the self-assembling proper-
ties of several organic semiconductors functionalized
with amide or urea groups have been studied. Recent
examples include aromatic amines like phenothiazine or
carbazol,11 electronically rich entities like tetrathiofulva-
lene (TTF),12 discotic molecules such as hexabenzo-
coronene (HBC),13 phthalocyanine (Pcs)14 or porphyrin
(Pp),15 fused aromatics like pyrene,16 perylene bisimide
(PBI),17 triphenylenes,18 or azatriphenylenes,19 and con-
jugated oligomers like oligophenylenevinylene (OPV),20
oligofluorene (OF)21,20c or oligothiophene (OT),22,20c
among others. The principal aim is to increase the stabi-
lity of the stacks and to enhance the degree of order of the
stacking molecules within a single column, since it has
been demonstrated that the charge-carrier mobility and
hence the performance of optoelectronic devices, such
as field-effect transistors (FETs), light-emitting diodes
(LEDs), and photovoltaic cells, depe ds to a large extent
on this parameter.8 In addition, it has been demonstrated
that, due to their d polar nature, amideH-bondingmotifs
can assist in the alignment of the supramolecular fibers
when an electric field is applied.23
A representative example is the self-assembly of three
discotic triphenylene molecules connected to a central
1,3,5 aromatic trisamideunit (1; Figure 1b).18Thepresence
of the latter H-bonding unit guides triphenylene stack-
ing into long wires in which the adjacent discs strongly
interact through their pi-surfaces with a very short twist
angle. This organizati n led to a charge carrier mobility
that is about five times higher compared to materials
based on individual triphenylene molecules. The same
aromatic trisamide building block was employed to
organize Pp15e or OPV20a trimers into columnar stacks
that exhibit a strong tende cy to aggregate in solution,
giving rise to long and stable fibers. Remarkably, the
topology of the amide bond determined the stability
and helicity of the fibers in solution and the length of
the fi rils at a surface.
Electroactivematerials likeTTFthat exhibit high electron
conductivities in crystalline structures8b are also relevant
candidates for the construction of ordered conductingwires
through cooperative pi-pi stacking a d H-bonding interac-
tions. With this idea in mind, several gro ps have prepared
amide-12a-d,f or urea-appended12e TTFs and studied their
fibrilar assemblies. Remarkably, when these wires are sub-
jected to annealing and/or doping processes, mixed-valence
state are form d creatingm terials that display absorbance
Figure 1. (a)Model of a stack of pi-conjugatedmolecules stabilized byH-bonding (urea) interactions along the polymer axis. (b) Structure of triphenylene
trimer 1. (c) Self-sorted stacks formed by OT 2 and PBI 3 with entanglement regions that act as heterojunctions. (d) Structure of PBIs 4a and 4b and
absorption changes shown upon increasing the methylcyclohexane/chloroform solvent ratio. (e) Structure of Pps 5a and 5b, whose aggregates can be
stabilized by covalent (photo)polymerization. AFM images of the decalin gel of 5a before (top) and after (bottom) UV irradiation and CHCl3 rinsing.
Adapted from: (d) ref 17g with permission fromWiley-VCH and (e) ref 15b with the permission of the American Chemical Society.
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solvent front was observed. The fact that many of the fibers
overlapped each other strongly suggests that they are formed
in solution and deposited as such onto the mica surface
(Figure 6C). The apparent alignment is probably the result
Figure 6. (A,B) AFM images of patterns form d after drop-casting a solution of 1b in chloroform (A, scale bar ) 1 µm) and n-hexane
(B, scale bar ) 2 µm). The dashed circles highlight the crossing points of the fibers. The height of a crossover point measures twice the
thickness of a fiber, indicating that these fibers are on top of each other (inset). (C) Artist impression of the aggregation behavior of 1b in
solution and at the solid-liquid interface with chloroform and n-hexane as a solvent.
258 Nano Lett., Vol. 8, No. 1, 2008
Using S-(-)citronellol as the source of chirality, the
synthesis of 1b is straightforward (see Supporting Informa-
tion). To study the aggregation behavior of 1b in solution,
it was decided to use chloroform, n-hexane and cyclohexane,
because these solvents do not significantly interfere with
hydrogen bonding and pi-pi stacking interactions between
the molecules. It is furthermore known that the use of these
solvents can give rise to significant differences in aggregation
behavior, because it has been shown that nonpolar alkanes
poorly solvate the extended aromatic cores of self-assembling
disklike molecules.15,16
The 1H NMR spectrum of 1b in CDCl3 ([1b] ) 2.3 ×
10-3 M, Figure 2A) showed very broad signals, which
indicates a strong aggregation of the compound in this
solvent. The 1H NMR spectrum became sharp after the
addition of DMSO-d6, which breaks up the hydrogen-bonding
network and dissolves the aggregates of 1b. Disassembly of
the compound could also be achieved by diluting the sample.
Because the 1H NMR spectrum of 1b sharpened up at
concentrations below ∼0.2 mM (Figure 2A), this concentra-
tion can be roughly considered as the critical aggregation
concentration in this solvent. In contrast, in hexane-d14 the
1H-spectra remained broad even at very low concentrations
([1b] ) 1 × 10-5 M).
UV-vis measurements of 1b in chloroform showed the
presence of a relatively sharp Soret band at 423 nm ([1b] )
8.3 × 10-6 M, Figure 2B), indicating that this compound
was molecularly dissolved. In contrast, the UV-vis spectrum
of 1b in n-hexane showed a broadened Soret band exhibiting
absorption maxima at 403 and 422 nm and a shoulder at
439 nm, which is caused by excitonic coupling between
neighboring porphyrin units. According to the exciton theory,
a blue shift of the Soret band implies that the porphyrins
are oriented face-to-face.17,18 The UV-vis spectrum of 1b
in cyclohexane also showed a broadening and shifting of
the Soret band. In this case two bands with maxima at 402
and 426 nm and an additional red-shifted band at 441 nm
were observed, which suggests that in this solvent the
porphyrins are oriented in both head-to-tail and face-to-face
orientations. From the UV-vis data it is impossible to
elucidate whether the stacking of the porphyrin moieties of
1b is intra- or intermolecul r, although from studies n
similar molecules, the former is highly improbable.4 When
the absorbance of the bands at 403 and 423 nm was plotted
as a function of concentration, in both cases Lambert-Beer
behavior was observed (Figure 2C,D), indicating either
intramolecular porphyrin stacking or the presence of very
stable aggregates over the measured concentration range.
Because m lecular modeling calculations showed that in-
tramolecular stacking between the porphyrin moieties within
one molecule of 1b is impossible,4 it is proposed that in
n-hexane 1b forms ggregates already bel w micromolar
concent ations. The larg difference in UV-absorbance
observed between two similar solvents, cyclohexane and
n-hexane, highlight the important role of the solvent shell
in defining the helical stacking. This first shell can be
considere to be more like a “solvent-helix complex”.
To investigate whether 1b aggregates into helical columnar
stacks, the chirality of the compound was used as probing
tool. In chloroform, a solvent in which 1b is molecularly
dissolved at low concentrations ([1b] ) 8.3 × 10-6 M), no
CD effect was observed. In n-hexane, the CD spectrum
clearly indicated the presence of chiral assemblies (Figure
3A). The complicated spectrum is the result of a mixture of
three Cotton effects centered at 402, 426, and 438 nm,
respectively (see Supportin Information), which can be
correlated to the above-mentioned absorption bands in the
UV-vis spectrum. These Cotton effects turned out to be
temperature dependent (Figure 3B): upon an increase in the
temperature from 30 to 42 °C, several changes, which were
reversible upon cooling, were observed in the CD spectrum.
Upon heating, the Cotton effect located at 403 nm slightly
decreased and the Cotton effects at 426 and 438 nm changed
sign; the latter increased in magnitude at the expense of the
Cotton effect at 403 nm. The reversible changes in the spectra
resulted in three isodichroic points located at 399, 425, and
438 nm, indicating a transition between two well-defined
species. Upon an increase in temperature, the UV-vis
spectrum showed an increase in the absorbance at 438 nm
and a decrease in the absorbance at 403 and 422 nm, with
Figure 1. (A) Chemical structures of 1a and 1b. (B) Schematic representation of 1. (C) Schematic representation of a self-assembled
columnar stack of 1.
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solvent front was observed. The fact that many of the fibers
overlapped each oth r strongl suggests that they are formed
in solution and deposited as such onto the ica surface
(Figure 6C). The apparent alignment is probably the result
Figure 6. (A,B) AFM images of patterns formed after drop-casting a solution of 1b in chloroform (A, scale bar ) 1 µm) and n-hexane
(B, scale bar ) 2 µm). The dashed circles highlight the crossing points of the fibers. The height of a crossover point measures twice the
thickness of a fiber, indicating that these fibers are on top of each other (inset). (C) Artist impression of the aggregation behavior of 1b in
solution and at the solid-liquid interface with chloroform and n-hexane as a solvent.
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Using S-(-)citronellol as the source of chirality, the
synthesis of 1b is straightforward (see Supporting Informa-
tion). To study the aggregation behavior of 1b in solution,
it was decided to use chloroform, n-hexane and cyclohexane,
because these solvents do not significantly interfere with
hydrogen bonding and pi-pi stacking interactions between
the molecules. It is furthermore known that the use of these
solvents can give rise to significant differences in aggregation
behavior, because it has been shown that nonpolar alkanes
poorly solvate the extended aromatic cores of self-assembling
disklike molecules.15,16
The 1H NMR spectrum of 1b in CDCl3 ([1b] ) 2.3 ×
10-3 M, Figure 2A) showed very broad signals, which
indicates a strong aggregation of the compound in this
solvent. The 1H NMR spectrum became sharp after the
addition of DMSO-d6, which breaks up the hydrogen-bonding
network and dissolves the aggregates of 1b. Disassembly of
the compound could also be achieved by diluting the sample.
Because the 1H NMR spectrum of 1b sharpen d up at
concentrations below ∼0.2 mM (Figure 2A), this concentra-
tion can be roughly considered as the critical aggregation
concentration in this solvent. In contrast, in hexan -d14 the
1H-spectra remained broad even at very low concentrations
([1b] ) 1 × 10-5 M).
UV-vis measurements of 1b in hloroform showed the
presence of a relatively sharp Soret band at 423 nm ([1b] )
8.3 × 10-6 M, Figure 2B), indicating that this compound
was molecularly dissolved. In contrast, the UV-vis spectrum
of 1b in n-hexane showed a broadened S ret band exhibiting
absorption maxima at 403 and 422 nm and a shoulder at
439 nm, which is cau ed by excit nic coupling between
neighboring porphyrin units. According to the exciton theory,
a blue shift of the Soret band implies that the porphyrins
are oriented face-to-face.17,18 The UV-vis spectrum of 1b
in cyclohexane also showed a broadening and shifting of
the Soret band. In this case two bands with maxima at 402
and 426 nm and an additional red-shifted band at 441 nm
were observed, which suggests that in this solvent the
porphyrins are oriented in both head-to-tail and face-to-face
orientations. From the UV-vis data it is impossible to
elucidate whether the stacking of the porphyrin moieties of
1b is intra- or intermolecular, although from studies on
similar molecules, the former is highly improbable.4 When
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behavior was observed (Figure 2C,D), indicating either
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dissolved at low conc ntrations ([1b] ) 8.3 × 10-6 M), no
CD effect was bserved. I n-hexane, the CD spectrum
clearly indicated the presence of chiral assemblies (Figure
3A). The complicated spectrum is the result of a mixture of
three Cotton effects centered at 402, 426, and 438 nm,
respectively (see Supporting Information), which can be
correlated to the above-mentioned absorption bands in the
UV-vis spectrum. These Cotton effects turned out to be
temperatur dependent (Figure 3B): upon an increase i the
temperature from 30 to 42 °C, several changes, which were
reversible up n cool ng, were obser ed in the CD spectru .
Upon heating, the Cotton effect located at 403 nm slightly
decreased and the Cotton effects at 426 and 438 nm changed
ign; the latter increased in magnitude at the expense of the
Cotton effect at 403 nm. The reversible changes in the spectra
resulted in three isodichroic points located at 399, 425, and
438 nm, indicating a transition between two well-defined
species. Upon an increase in temperature, the UV-vis
spectrum showed an increase in th absorbance at 438 nm
and a decrease in the absorbance at 403 and 422 nm, with
Figure 1. (A) Chemical structures of 1a and 1b. (B) Schematic representation of 1. (C) Schematic representation of a self-assembled
columnar stack of 1.
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Figure 1.14 Molecular structures (a) of the two series of OPE building blocks synthesized by Sanchez and co-workers. TM-
AFM images of the linear nanostructures (b,c) obtained by deposition of a toluene solution of 1a and 2c on mica surface. 
SEM image of an organogel structure formed by 1a alone (d). (Inset) Picture of the gel−sol transition of the organogel 
formed by 1a in toluene. 
For this purpose two series of OPE derivatives 32-37 and 38-43 bearing different solubilizing chains 
were synthesized (Figure1.14a). The first composed by OPE trisamides with a variable number of 
chiral side chains that self-assemble following a cooperative mechanism, and a second constituted by 
OPEs with a variable number of ether and amide functional groups. CD spectroscopy of the self-
assembled nanostructures originating from the first series showed that the presence of only one 
stereogenic center in the peripheral chains was sufficient to achieve helical organization with a 
preferred handedness, whereas in the case of compounds 38-43, no helical organization was observed. 
More interestingly, by mixing achiral trisamide 32 with chiral but non helical bisamide 40 generated 
helical nanostructures with a preferred handedness in a cooperative fashion, in a process involving the 
transfer of helicity from 32 to 40 and the amplification of chirality from 40 to 32, showing a very rare 
example in which the molecular chirality is obtained from the formation of host−guest complexes 
between structurally-analogous species that, alone, are CD-silent. 
Another elaborated example of non-covalent nanostructuration based on H-bonds, took advantage of 
the crown ether based molecular recognition. The ability of crown ether to originate H-bonds 
interactions with ammonium cation forming pseudo-rotaxane structure, have been exploited frequently 
in literature with the aim to construct supramolecular architecture possessing different geometries and 
functions.[76] In this context, in a very recent work, the group of Huang have prepared molecular 
module 44 containing a dibenzo-[24]crown-8 (DB24C8) moiety and a bibenzylammonium (DBA) 
cation separated by a fifteen terms flexible alkylic chain (Figure 1.15a).[77] Such module was able to 
self-assemble into linear supramolecular polymers in apolar solvents, that were able to further self-
organize into different kind of nanomaterials such as rod-like nanofibers or gel (Figure 1.13b, c) as a 
function of the used concentration. Moreover, the supramolecular polymer showing reversible gel–sol 
phase transitionsn upon heating and cooling or addition of base and acid (Figure 1.15c), was 
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successfully employed for the selective release of guest molecules such as Rhodamine B. 
 
Figure 1.15 Molecular structure (a) of the pseudorotaxane building block 44 sythesized by Huang and co-workers. SEM 
image (b) of a linear rod-like nanofibers obtained from the self-assembly/self organization of 44. A polymeric film (c) 
prepared from [44]n (left) and the schematic representation of the reversible sol-gel transition of 44 at different pH and at 
different temperatures. Schematic representation of the homomolecular self-assembly process between the single units of 44 
leading to the formation of the supramolecular polymer [44]n 
Exploiting the same strategy, Gibson and co-workers have also developed the first type of AA-BB 
supramolecular polymer based on bis(m-phenylene)-32-crown-10 based cryptands (BMP32C10) and 
paraquat derivatives. The self-organization of such supramolecular polymers leads to the formation of 
linear nanofibers observable by SEM.[78] 
 
1.5.1c H-Bond Systems Perpendicular to the Supramolecular Chain 
The formation of nanostructures in which the H-bonding units is aligned along the direction of the 
supramolecular polymer is not the only way in which 1-D nanostructure can be originated. Indeed 
through an accurate design of the single building block geometry, it is possible to insert arrays of H-
bonds donor and acceptor functionalities that can induce the formation of highly stable π conjugated 
supramolecular structures able to further self-assemble in a highly directional fashion, thanks to the 
increase in strength of the π-π interactions. As a consequence of this process, highly hierarchized 
supramolecular materials are formed by a recognition process mediated by the concomitant action of 
H-bonds and π-interactions, which grow orthogonally to the H-bond direction.  
Among all the functional systems able to polymerize through this mechanism, p-phenylenevinylene 
revealed to be the most exploited. In an extensive work of Mejier and Schenning, p-phenylenevinylene 
derivative 45 functionalized at one peripheral positions with an ureidotriazine (Figure 1.16a) was 
prepared and its ability to dimerize via multiple H-bonds formation and subsequently to polymerize 
via π-π interactions was extensively studied.[79] Such process produced the formations of helical 
nanofibers with an approximate length of 100 nm that could show a preferred handness, if opportunely 
functionalized with chiral lateral chains.[80] The morphology of the supramolecular OPV nanofibers 
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polymer gel. This dual-responsive s pramol cular polymer gel
driven by crown ether based molecular recogniti n is a promising
model material for drug-delivery syst ms and other biomedical
applications. 43 The same research group recently demonstrated
that a similar linear supramol cular p lyme driven by the
benzo-21-crown-7/secondary ammonium salt recognition motif
was suitable for electrospinning to produce smooth nanofibers.
This will stimulate further exploration of the application of
supramolecular polymers in nanoscience. 44
As we stated above, AB
2 type monomers obviously contain
unequal functional groups and this predetermines the irregular
properties of the resulting systems, leading to the formation of
three-dimensional hyperbranched supramolecular polymers.
For the AB
2 type monomers, A and B components could
be connected in a single monomer, such as monomer 32
(Fig. 16), 45a BMP32C10 derivative with two arm-like paraquat
units; or separated into two molecules, such as pseudorotaxane
monomer 33*34 (Scheme 4). 46 These two different initial
monomers both led to the formation of hyperbranched poly-
mers. The backbone of the former system was based on the
host–guest interaction between the BMP32C10 and paraquat
units. As the concentration of monomer 32 increased, the size of
aggregates of this system also increases, as large as a true
polymer. 45 For the second system, a labile hyperbranched
rotaxane-type mechanically interlocked polymer 35was prepared
by polyesterification of the monomer 33*34 (Scheme 4). To
stabilize the structure, polymers were further capped with
stoppers. It is worth noting that this new mechanically inter-
locked hyperbranched polymer was connected by a mechanical
bond as well as covalent bonds, which makes the novel topo-
logical structure highly stable and detectable. TheM
n of hyper-
branched polyester 35 from GPC analysis was 191 kDa. 46 A
unique feature of this hyperbranched mechanically interlocked
polymer is that its different generations are connected by
mechanical bonds other than covalent bonds for all previously
reported hyperbranched polymers. Therefore, it was demon-
strated that mechanically interlocked polymers can be prepared
from dynamic supramolecular monomers, in which comple-
mentary reactive functional groups are connected reversibly and
noncovalently. The work provided a new way to construct
mechanically interlocked supramolecular polymers.
3. Supramolecular polymers constructed from
macromolecular building blocks
3.1 DendrimersDendrimers, from the Greek word ‘‘dendron’’, are well-defined
three-dimensional architectures with unique tree-like branching
Fig. 15 Formation of a linear sup amolecular p lymer gel from a
heteroditopic monomer 31 (top), a film prepared from it (bottom left),
and its reversible gel–sol transitions ind ced by temperature and pH
changes (bottom right).
Fig. 16 Chemical structure of monomer 32 and cartoon representa-
tion of the formation of a hyperbranched supramolecular polymer
from its self-organization.
Scheme 4 Chemical structures of 33, 34 and 35 and cartoon repre-
sentation of a hyperbranched rotaxane-type mechanically-interlocked
polymer from their reaction.
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mers. The backbone of the former system was based on the
host–guest interaction between the BMP32C10 and paraquat
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polymer.45 For the second system, a labile hyperbranched
rotaxane-type mechanically interlocked polymer 35was prepared
by polyesterification of the monomer 33*34 (Scheme 4). To
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mentary reactive functional groups are connected reversibly and
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mechanically interlocked supramolecular polymers.
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Dendrimers, from the Greek word ‘‘dendron’’, are well-defined
three-dimensional architectures with unique tree-like branching
Fig. 15 Formation of a linear supramolecular polymer gel from a
heteroditopic monomer 31 (top), a film prepared from it (bottom left),
and its reversible gel–sol transitions induced by temperature and pH
changes (bottom right).
Fig. 16 Chemical structure of monomer 32 and cartoon representa-
tion of the formation of a hyperbranched supramolecular polymer
from its self-organization.
Scheme 4 Chemical structures of 33, 34 and 35 and cartoon repre-
sentation of a hyperbranched rotaxane-type mechanically-interlocked
polymer from their reaction.
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applications.43 Th same research group recently dem nstrat d
that a similar linear supramolecular polymer driven by the
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was suitable for electrospinning to produce smooth nanofibers.
This will stimulate further exploration of the application of
supramolecular polyme s in nanoscience.44
As we stated above, AB2 type monomers obvi usly contain
unequal functional groups and this predetermines the irregular
properties of the resulting systems, leading to the formation of
thre -dimensional hyperbranched supramolecular polymers.
For the AB2 type monomers, A and B components could
be connected in a single monomer, such as monomer 32
(Fig. 16),45 a BMP32C10 derivative with two arm-like paraquat
units; or separated into two molecules, such as pseudorotaxane
monomer 33*34 (Scheme 4).46 These two different initial
monomers both led to the formation of hyperbranched poly-
mers. The backbone of the former system was based on the
host–guest interaction between the BMP32C10 and paraquat
units. As the concentration of monomer 32 increased, the size of
aggregates of this system also increases, as large as a true
polymer.45 For the second system, a labile hyperbranched
rotaxane-type mechanically interlocked polymer 35was prepared
by polyesterification of the monomer 33*34 (Scheme 4). To
stabilize the structure, polymers were further capped with
stoppe s. It is worth noting th t this new mechanically inter-
locked hyperbranched polymer was connected by a mechanical
bond as well as covalent bonds, which makes the novel topo-
logical structure highly stable and detectable. TheMn of hyper-
branched polyester 35 from GPC analysis was 191 kDa.46 A
unique feature of this hyperbranched mechanically interlocked
polymer is that its different generations are connected by
mechanical bonds other than covalent bonds for all previously
re orted hyperbranched polymers. Therefore, it was demon-
strated that mechanically interlocked polymers c n be prepared
f om dynamic supramolecular monomers, in which comple-
mentary reactive functional groups are connected reversibly and
noncovalently. The work provided a new way to construct
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Dendrimers, from the Greek word ‘‘dendron’’, are well-defined
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a)#
c)#
(Fi ure 3c,d). These xerog ls c n be destroyed by adding
triethyl mine (see the Supporting Information).
Rhodam ne B was us d as a model c mpound to inves-
tigate the potential of the supramolecular polymer gel as a
ther o- and pH-cont olled r l ase s stem.[14] Prior to heating
or addition of triethylamin , the layer of water was colorless
at room t mperature, which indicated that rhodamine B
remained entrapped inside the gel matrix and was not
rel ased to the water. After addition of a small excess
amount of triethylamine, the gel was gradually disrupted and
the color of the layer of water turned from pink to dark red,
indicating that rhodamine B was released from the gel. The
rel se of rhodamine B could also be induced by heating (see
Figure S9 in the S pporting Information). From 30 8C to
50 8C, the color of the layer of water turned from pale red to
re . At 50 8C, the gel was destroyed and the rhodamine B
molecules were completely released. All these observations
were consistent with the UV/Vis absorption measurements
(see Figure S9 in the Supporting Information).
It is worth noting that wit increasing concentration of
monomer 3 in CH3CN at room temperature, dramatic
changes in material properties were observed (Figure 2).
Glue-like visc us liquids were formed by dissolving monomer
3 in CH3CN at the concentration of about 1.0 , whereas
flexible, transparent, and amorphous films were ca t from
more concentrated solut ons (> 1.5m). All of these morphol-
ogies were typical characteristics for ntanglement of linearly
connected macro-sized supramol cular aggregates. Such
properties showed the reversibility of the host–guest i ter-
actions and the chain extension.[9,15]
In conclusion, we prepared a dual-responsive supramolec-
ular polymer gel driven by crown ether based molecular
recognition. The system has pH- and ther o-responsive
abilities. Long flexible alkyl chains wer found to contribute
to the formation of linear supramolecular polymers, which
play an important role as physical junctions in supramolecular
gels. The supramolecular polymer gel showed reversible
gel–sol phase transitions by heating and cooling, or by adding
base and acid. The thermo- and pH-responsive gel–sol
transition was successfully employed for the controlled
release of rhodamine B. We demonstrated the reversibility,
versatility, and multiresponsiveness of supramolecular poly-
mer gel constructed by an asymmetric complementary A–B
monomer. The work presented herein also demonstrated that
the complex of DB24C8 and DBA can be used as a building
block to construct multiple supramolecular aggregates from
supramolecular polymer gels, viscous liquids, fibers to trans-
parent films under different conditions. This dual-responsive
supramolecular polymer gel is promising as a unique
advanced material with applications in biomedical fields,
personal-care products, and drug-delivery systems.
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was investigated on surface by means of Atomic Force Microscopy. Unfortunately the electrical 
conductivity of the resulting nanofibres, as deposited on Au-Pd electrodes, has proved to be 
considerably low due to the presence of defects within the fibers or to an intrinsically-poor 
conductance of the stack.[81]  
 
Figure 1.16 Molecular structure (a) of the ureidotriazine functionalized OPV 45. Schematic representation (b) of the self-
assembly/organization process leading to the formation of the helical nanofibers. TM-AFM image (c) of the nanofibers as 
obtained after spin coating on graphite (inset: lateral profile as obtained form the red line reported on the main image).[79a] 
Molecular structures of the thienylvinylene derivatives 46 and 47. TEM image (d) of fibers created by the self-assembly of 
46. C-AFM measurements (e, f) of 46 and 47 xerogels from decane solution drop casted on HOPG (c = 1 × 10-4 M). I-V 
curves of undoped (a) and doped (b) xerogels of 46 (1) and 47 (2).[82] 
The self-organization of thienylvinylene moieties H-bond based supramolecular nanofibers featuring 
organic gel (Figure 1.16d) has been also studied by the group of Ajayaghosh .[82] The ability of the 
nanofibers to give charge transfer phenomena was studied by means of electrodeless flash photolysis 
time resolved microwave conductivity (FP-TRMC) revealing higher values of Σμmin (6.0 × 10-2 cm2 
V-1 s- 1) for the fibers obtained in decane solutions in comparison with the ones obtained in CHCl3, as 
a consequence of the H-bonded monodimensional assembly formation (Figure 1.16f, g). 
Through the same kind of approach, it is possible to organize into 1-D nanostructures also molecules 
that do not possess a flat aromatic surface, for example due to presence of chiral elements into the 
aromatic core. In this context, exemplar is the work of Takeuchi and co-worker, in which the 
organization of the phthalydrazide-helicene 48 into trimeric disks led to the formation of fibrous 
assemblies in nonpolar solvents such as chloroform and toluene (Figure1.17).[83] Moreover, as a 
consequence of the structure of the building blocks, both assemblies deriving from (M)-48 and (P)-48 
showed elevated values of Circularly Polarized Luminescence (|gum|= 0.035 at the peak maxima) that 
can be considered as the highest value ever reported amongst organic molecules without a hosting 
matrix. 
 
Polarized Emission of Individual Self-Assembled
Oligo(p-phenylenevinylene)-Based Nanofibers on a Solid Support
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The development of nanofibers is a promising approach to
miniaturize optoelectronic devices. Over the recent years, such fibers
have been constructed from inorganic materials1 and carbon
nanotubes.2 Alternatively, self-assembled3 nanofibers based on
pi-conjugated systems provide a versatile means to fabricate fibers
with tailor-made functionalities similar to those of plastic electron-
ics.4,5 So far, however, their use in devices has been limited to
pi-conjugated polymers and doped oligomers.6,7 A crucial step
toward plastic nanoelectronics is the creation of identical, highly
organized fibers, about one-molecule thick, on a solid support. Since
the internal organization of such fibers determines their perfor-
mance, it is important to develop techniques to structurally
characterize indiVidual fibers at the molecular level. Here, we
employ polarized fluorescence microscopy (FM)8,9 on single oligo-
(p-phenylenevinylene)-based fibers, deposited on a graphite surface.
The fibers exhibit a profound polarized optical emission over their
entire length that directly corresponds to their orientation on the
substrate. The observed polarization ratio (∼2) is rather low, but
taking into account the dielectric constant of graphite and the helical
nature of the fibers, the data reveal a high degree of internal order.
We recently reported the construction of stacks consisting of
tetra(p-phenylenevinylene)-based molecules (OPV, Figure 1a,b).10
OPV dimers, formed via the self-complementary quadrupole ureido-
s-triazine hydrogen bonding units (Figure 1c), self-assemble in
cylindrical chiral stacks due to pi-pi interactions of the phen-
ylenevinylene backbone (Figure 1d). In solution, these stacks have
a cooperative length of 150 nm and a 5 nm diameter.
After transfer to a suitable solid support, such as graphite or
silicon oxide, the fibers have the same diameter as in solution, but
the length can reach up to several micrometers, presumably due to
further end-to-end asse bly of the stacks (Figure 1e,f).11 So far,
we could not prove whether the proposed internal organization of
the fibers is correct and preserved on a solid support.
The dominant optical dipole moments for absorption and
emission of the OPV building block are directed along the long
axis of the tetra(p-phenylenevinylene) unit and are expected to be
perpendicular to the fiber axis (Figure 1).12 Such a molecular
arrangement should result in a pronounced polarization of the
fluorescence emission of a single fiber. Figure 2 depicts polarized
fluorescence images13 of individual fibers. The emission spectrum
of a single fiber on graphite is similar to that in solution.13 The
FM pictures are constructed from two measurements. First, the
fluorescence intensity IHOR is measured with horizontal (0°)
orientation of the excitation and detection polarizations with respect
to the image (Figure 2a). Next, the fluorescence intensity IVER is
detected with the excitation and detection polarizations in the
vertical (90°) direction. The measurements lead to a value of the
polarization ratio R ) IVER/IHOR, which is expressed in the images
as a color-coding, ranging from green (R < 1) to red (R > 1)
through yellow (R ) 1). The orientation of the fibers in the images
is their true physical orientation with respect to the polarizers. In
total, we have performed this extensive experimental analysis for
14 ind vidua nanofibers, randomly oriented on the surface.
The images reveal that the fluorescence of each fiber is strongly
polarized, with a direction that is correlated to its orientation on
the surface. For example, Figure 2a shows a fiber of about 1 µm
length, horizontally oriented, with a uniform red color, indicating
that the fluorescence is vertically polarized over the entire fiber.
The emission profile of this fiber (Figure 2d) shows that the
† Radboud University Nijmegen.
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Figure 1. (a) Chemical structure of the OPV building block. Schematic
representation of (b) OPV, (c) OPV dimer, and (d) helical stacks of OPV
dimers at 12° with respect to each other. (e) AFM image of OPV fibers on
graphite. (f) Cross section through several fibers (along red line in e).
Figure 2. Real-space polarized FM images (a, b, c, e) of various OPV
nanofibers on graphite. The color-coding (upper-right corner in a) corre-
sponds to the intensity ratio of two consecutive measurements with
horizontal (0°, IHOR) and vertical polarization (90°, IVER): R ) IVER/IHOR
ranging from green (R < 1) to red (R > 1) through yellow (R ) 1). The
white arrows in a denote the orientation of the polarizers. (d) Profile of
IVER and IHOR through the fiber shown in a.
Published on Web 05/21/2005
8280 9 J. AM. CHEM. SOC. 2005, 127, 8280-8281 10.1021/ja051781c CCC: $30.25 © 2005 American Chemical Society
Polarized Emission of Individual Self-Assembled
Oligo(p-phenylenevinylene)-Based Nanofibers on a Solid Support
Ce´cile R. L. P. N. Jeukens,† Pascal Jonkheijm,§ Frans J. P. Wijnen,† Jeroen C. Gielen,†
Peter C. M. Christianen,*,† Albertus P. H. J. Schenning,*,§ E. W. Meijer,§ and Jan C. Maan†
High Field Magnet Laboratory, Institute for Molecules and Materials, Radboud UniVersity Nijmegen, ToernooiVeld
7, 6525 ED Nijmegen, The Netherlands, and Laboratory of Macromolecular and Organic Chemistry, EindhoVen
UniVersity of Technology, P.O. Box 513, 5600 MB EindhoVen, The Netherlands
Received March 21, 2005; E-mail: P.Christianen@science.ru.nl; A.P.H.J.Schenning@tue.nl
The development of nanofibers is a promising approach to
miniaturize optoelectronic devices. Over the recent years, such fibers
have been constructed from inorganic materials1 and carbon
nanotubes.2 Alternatively, self-assembled3 nanofibers based on
pi-conjugated systems provide a versatile means to fabricate fibers
with tailor-made functionalities similar to those of plastic electron-
ics.4,5 So far, however, their use in devices has been limited to
pi-conjugated polymers and doped oligomers.6,7 A crucial step
toward plastic nanoelectronics is the creation of identical, highly
organized fibers, about one-molecule thick, on a solid support. Since
the internal organization of such fibers determines their perfor-
mance, it is important to develop techniques to structurally
characterize indiVidual fibers at the molecular level. Here, we
employ polarized fluorescence microscopy (FM)8,9 on single oligo-
(p-phenylenevinylene)-based fibers, deposited on a graphite surface.
The fibers exhibit a profound polarized optical emission over their
entire length that directly corresponds to their orientation on the
substrate. The observed polarization ratio (∼2) is rather low, but
taking into account the dielectric constant of graphite and the helical
nature of the fibers, the data reveal a high degree of internal order.
We recently reported the construction of stacks consisting of
tetra(p-phenylenevinylene)-based molecules (OPV, Figure 1a,b).10
OPV dimers, formed via the self-complementary quadrupole ureido-
s-triazine hydrogen bonding units (Figure 1c), self-assemble in
cylindrical chiral stacks due to pi-pi interactions of the phen-
ylenevinylene backbone (Figure 1d). In solution, these stacks have
a cooperative length of 150 nm and a 5 nm diameter.
After transfer to a suitable solid support, such as graphite or
silicon oxide, the fibers have the same diameter as in solution, but
the length can reach up to several micrometers, presumably due to
further end-to-end assembly of the stacks (Figure 1e,f).11 So far,
we could not prove whether the proposed internal organization of
the fibers is correct and preserved on a solid support.
The dominant optical dipole moments for absorption and
emission of the OPV building block are directed along the long
axis of the tetra(p-phenylenevinylene) unit and are xpected to be
perpendicular to the fiber axis (Figure 1).12 Such molecul r
arrangement should result in a pronounced polariz tion of the
fluorescence emission of a single fiber. Figure 2 depicts polarized
fluorescence images13 of individual fibers. The em sion spectrum
of a single fiber on graphite is similar to that in solution.13 The
FM pictures a e co structed from two measurements. First, the
fluorescence intensity IHOR is measured with horizontal (0°)
orientation of the excitation and detection polarizations with respect
to the image (Figure 2a). Next, the fluorescence int nsity IVER is
detected with the excitation and detection polarizations in the
vertical (90°) direction. The measurements lead to a value of the
polarization ratio R IVER/IHOR, which is expressed in the images
as a color-coding, ranging from green (R < 1) to red (R > 1)
through yellow (R ) 1). The orientation of the fibers in the images
is their true physical orientation with respect to the polarizers. In
total, we have performed this extensive experimental analysis for
14 individual nanofibers, randomly oriented on the surface.
The images reveal that the fluorescence of each fiber is strongly
polarized, with a direction that is correlated to its orientation on
the surface. For example, Figure 2a shows a fiber of about 1 µm
length, horizontally oriented, with a uniform red color, indicating
that the fluorescence is vertically polarized over the entire fiber.
The emission profile of this fiber (Figure 2d) shows that the
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Figure 1. (a) Chemical structure of the OPV building block. Schematic
representation of (b) OPV, (c) OPV dimer, and (d) helical stacks of OPV
dimers at 12° with respect to each other. (e) AFM image of OPV fibers on
graphite. (f) Cross section through several fibers (along red line in e).
Figure 2. Real-space polarized FM images (a, b, c, e) of various OPV
nanofibers on graphite. The color-coding (upper-right corner in a) corre-
sponds to the intensity ratio of two consecutive measurements with
horizontal (0°, IHOR) and vertical polarization (90°, IVER): R ) IVER/IHOR
ranging from green (R < 1) to red (R > 1) through yellow (R ) 1). The
white arrows in a denote the orientation of the polarizers. (d) Profile of
IVER and IHOR through the fiber shown in a.
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The development of nanofibers is a promising approach to
miniaturize optoelectronic devices. Over the recent years, such fibers
have been construct d from inorg nic materials1 and carbon
nanotubes.2 Alte natively, s lf- ssembl d3 anof ber bas d on
pi-conjugated systems pr vide a versatile means to fabricate fibers
with tailor-made functionalities similar to those of plastic electron-
ics.4,5 So far, howev r, their use in devices has been limited to
pi-conjug t d polymers and doped oligomers.6,7 A crucial step
toward plastic nan el ctroni s is the creation of identical, highly
organized fibers, about one-molecule thick, on a solid support. Since
the internal organizati n of such fibers determines their perfor-
ance, it is im ortant t devel p techniques to structurally
characterize indiVidual fibers at th m lecular level. Here, we
employ polar zed fluorescence microscopy (FM)8,9 on single oligo-
(p-phenylenevinylene)-b sed f bers, d posi ed on a graphite surface.
The fibers exhibit a profound polariz d ptical emission over their
entire length t at d r ctly c rr sponds to their orientation on the
substrate. The obs rved polarization ratio (∼2) is rather low, but
taking i to account the di lectric constant of graphite and the helical
natur o the fibers, the data reveal a high degree of internal order.
We rec ntl reported the constructi n f stacks consisting f
tra(p-phenyl nevinylene)-based molecules (OPV, Figur 1a,b).10
OPV dimers, formed via the self-complementary quadrupole ureido-
s-triazine hydrogen bonding units (Figure 1c), self-assemble i
cyli drical chiral tacks due to pi-pi interacti ns of th p en-
ylenevinylene backbone (Figure 1d). I solution, th stacks have
a cooperativ length of 150 nm and a 5 nm diameter.
After transfer to a suitab e sol d support, such as graphite or
silicon oxid , the fibers have the same diam ter s in olution, but
the length can reach up to several micrometers, presumably due to
further end-to-end assembly of the stacks (Figure 1e,f).11 So far,
we could not prove whether the proposed internal organization of
the fibers is corr ct and preserved on a solid support.
The dominant optical dipole moments for absorption and
emission of the OPV building block are directed along the long
axis of the tetra(p-phenylenevinylene) unit and are expected to be
perpendicular to the fiber axis (Figure 1).12 Such a molecular
arrangement should result in a pronounced polar zation of the
fluorescence emission of a single fiber. Figure 2 depicts polarized
fluorescence images13 of individual fibers. The emission spectrum
of a single fiber on graphite is similar to that in solution.13 The
FM pictures are constructed from two measurements. First, the
fluorescence intensity IHOR is m asured with h izontal (0°)
orientation of the excitation and detection polarizations with respect
to the image (Figure 2a). Next, the fluorescence intensity IVER is
detected with the excitation and detection polarizations in the
vertical (90°) direction. The measurements lead to a value of the
polarization ratio R ) IVER/IHOR, which is expressed in the images
as a color-coding, ranging from green (R < 1) to red (R > 1)
through yellow (R ) 1). The orientation of the fibers in the images
is their true physical orientation with respect to the polarizers. In
total, we have performed this extensive experimental analysis for
14 individual nanofibers, randomly oriented on the surface.
The images reveal that the fluorescence of each fiber is strongly
polarized, with a direction that is correlated to its orientation on
the surface. For example, Figure 2a shows a fiber of about 1 µm
length, horizontally oriented, with a uniform red color, indicating
that the fluorescence is vertically polarized over the entire fiber.
The emission profile of this fiber (Figure 2d) shows that the
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Figure 1. (a) Chemical structure of the OPV building block. Schematic
representation of (b) OPV, (c) OPV dimer, and (d) helical stacks of OPV
dimers at 12° with respect to each other. (e) AFM image of OPV fibers on
graphite. (f) Cross section through several fibers (along red line in e).
Figure 2. Real-space polarized FM images (a, b, c, e) of various OPV
nanofibers on graphite. The color-coding (upper-right corner in a) corre-
sp d to th intensity r tio of two consecutive measurements with
horizontal (0°, IHOR) and vertical polarization (90°, IVER): R ) IVER/IHOR
ranging from green (R < 1) to red (R > 1) through yellow (R ) 1). The
white arrows in a denote the orientation of the polarizers. (d) Profile of
IVER and IHOR through the fiber shown in a.
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The development of nanofibers is a promising approach to
miniaturize optoelectronic devices. Over the recent years, such fibers
have been constructed from inorganic materials1 and carbon
nanotubes.2 Alternatively, self-assembled3 nanofibers based on
pi-conjugated systems provide a versatile means to fabricate fibers
with tailor-made functionalities similar to those of plastic electron-
ics.4,5 So far, however, their use in devices has been limited to
pi-conjugated polymers and doped oligomers.6,7 A crucial step
toward plastic nanoelectronics is the creation of identical, highly
organized fi ers, about one-molecule thick, on a solid support. Since
the internal organization of such fibers determines their perfor-
mance, it is important to develop techniques to structurally
characterize indiVidual fibers at the molecular level. Here, we
employ polarized fluorescence microscopy (FM)8,9 on single oligo-
(p-phenylenevinylene)-based fibers, deposited on a graphite surface.
The fibers exhibit a profound polarized optical emission over their
entire length that directly corresponds to their orientation on the
substrate. The observed polarization ratio (∼2) is rather low, but
taking into account he dielectric constant f graphite and the helical
nature of the fibers, the data reveal a high degree of internal order.
We recently reported the construction of stacks consisting of
tetra(p-phenylenevinylene)-based molecules (OPV, Figure 1a,b).10
OPV dimers, formed via the self-complementary quadrupole ureido-
s-triazi e hydrogen bonding units (Figure 1c), self-assemble in
cylindrical chiral stacks du to pi-pi interactions of the phen-
ylenevinylene backbone (Figure 1d). In solution, these stacks have
a cooperative length of 150 nm and a 5 nm diameter.
After transfer to a suitable solid support, such as graphite or
silicon oxide, the fibers have the same diameter as in solution, but
the length can reach up to several micrometers, presumably due to
further end-to-end assembly of the stacks (Figure 1e,f).11 So far,
we could not prove whether the proposed internal organization of
the fibers is correct and preserved on a solid support.
The dominant optical dipole moments for absorption and
emission of the OPV building block are directed along the long
axis of the tetra(p-phenylenevinylene) unit and are expected to be
per endicular to the fiber axis (Figure 1).12 Such a molecular
arrangement should result in a pronounced polarization of the
fluorescence emission of a single fiber. Figure 2 depicts polarized
fluorescence images13 f individual fibers. The emission spectrum
of a single fiber on graphite is similar to that in soluti n.13 The
FM pictures are constructed from two measurements. First, the
fluore cence intensity IHOR is measured with horizontal (0°)
orientation of the excitation and detection polarizations with respect
to the image (Figure 2a). Next, the fluorescence intensity IVER is
detected with the excitation and detection polarizations in the
vertical (90°) direction. The measurements lead to a value of the
polarization ratio R ) IVER/IHOR, which is expressed in the images
as a color-coding, ranging from green (R < 1) to red (R > 1)
through yellow (R ) 1). The orientation of the fibers in the images
is their true physical orientation with respect to the polarizers. In
total, we have performed this extensive experimental analysis for
14 individual nanofibers, randomly oriented on the surface.
The images reveal that the fluorescence of each fiber is strongly
polarized, with a direction that is correlated to its orientation on
the surface. For example, Figure 2a shows a fiber of about 1 µm
length, horizontally oriented, with a uniform red color, indicating
that the fluorescence is vertically polarized over the entire fiber.
The emission profile of this fiber (Figure 2d) shows that the
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Figure 1. (a) Chemical structure of the OPV building block. Schematic
representation of (b) OPV, (c) OPV dimer, and (d) helical stacks of OPV
dimers at 12° with respect to each other. (e) AFM image of OPV fibers on
graphite. (f) Cross section through several fibers (along red line in e).
Figure 2. Real-space polarized FM images (a, b, c, e) of various OPV
nanofibers on graphite. The color-coding (upper-right corner in a) corre-
sponds to the intensity ratio of two consecutive measurements with
horizontal (0°, IHOR) and vertical polarization (90°, IVER): R ) IVER/IHOR
ranging from green (R < 1) to red (R > 1) through yellow (R ) 1). The
white arrows in a denote the orientation of the polarizers. (d) Profile of
IVER and IHOR through the fiber shown in a.
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Abstract: Oligo(thienylenevinylene) (OTV) based gelators with
high conductivity are reported. When compared to OTV1, OTV2
having an increased conjugation length forms relatively strong
gels with a metallic conductivity of 4.8 S/cm upon doping which
is the highest value reported for an organogelator. This new class
of conducting gels is expected to be useful for organic electronics
and photonics application, particularly for bulk heterojunction
devices.
Self-assembled organic nanostructures of semiconducting
molecules are important in the field of organic el ctroni s.1 The
noncovalent, bottom-up self-assembly of fu cti nal molecules
is a powerful tool to create 1D structures of organic semicon-
ducting molecules.2 Using this approach, organogels of semi-
conducting molecules comprising electronically active anowire
networks can be prepared for potential applications.3 There are
several reports on p-type and n-type semiconducting gels, based
on tetrathiafulvalenes and perylene bisimides.4,5 Surprisingly,
organogelators based on thiophene derivatives are relatively very
few despite the wide ranging application of this class of
molecules in organic electronic devices.6 Re ently, we ha e
shown that a trithienylenevinylene molecule exhibits high harge
carrier mobility upon self-assembly;7 however the bulk conduc-
tivity was found to be as low as 4.8 × 10-6 S/cm. Th refore,
we were keen to explore utilizing oligo(thienylenevinylenes)
(OTVs) in the search for organogelators with metallic conductiv-
ity, which are useful for electronic devices such as bulk
heterojunction organic solar cells.
Herein we report organogelators derived from OTV m lecul r
wires, OTV1 and OTV2, having molecular le gths of ca. 3.7 and
4.9 nm with semiconductivity and metallic conductivity. These
molecules were synthesized from the corresponding thiophe e
derivatives by multistep procedures as reported earlier by Roncali
and co-workers8 and characterized by 1H NMR,13C NMR, MALDI-
TOF-MS, and FT-IR techniques (see Supporting Information). At
concentrations >0.4 mM, OTV1 and OTV2 r sulted i the
formation of gels in a variety of nonpolar solvents s shown in
Table S1. OTV1 gel shows a purple color whereas OTV2 gels ar
black in color (Figure 1b). The critical gelator concen ration (CGC)
to form a stable gel of OTV1 in decane is 0.66 mM, whereas tha of
OTV2 is 0.44 mM; hence OTV2 belongs to the class of supergelators.9
The gel stabilities were determined from the plots of the gel melting
temperature (Tgel) at different concentrations of the gelators and found
to be 70 and 72 °C at 2 and 1.5 mM concentrations for OTV1 and
OTV2, respectively.
Transmission electron microscopy (TEM) images of OTV1 and
OTV2 (5 × 10-5 M) from a decane solution, placed on carbon
coated grids, showed long fibrous network structures with dimen-
si ns ranging from 50 to 200 m in width and several mi rometers
in length (Figure 2a,b). AFM images of OTV1-2 drop casted
from decane solutions (c ) 1 × 10-5 M) on a highly order d
pyrolytic graphite (HOPG) surface showed entangled fibers
(Figure 2c,d). Cross section analysis (Figure S1) of the fibers
showed a height of 20-80 nm, width of 50-400 nm, and length
in micrometers. A similar observation was made on a Si wafer
(Figure S2). However, on a freshly cleaved mica surface, OTV1
and OTV2 showed epitaxially controlled assembly (Figure S3).
Figure 1. (a) Chemical structures of OTV1 nd OTV2. (b) Photographs
of OTV1 a d OTV2 gels. (c) Plot of g l elting temperature against
concentration of OTV1 and OTV2.
Figur 2. TEM image of OTV1 (a) a d OTV2 (b) drop casted on a carbon
coated grid. AFM images of OTV1 (c) and OTV2 (d) drop casted n highly
rdered pyrolytic grap ite (HOPG). Samples were prepared from decane
solutions at roo temp ratur . Z-sc le. (c) 120 nm an (d) 150 nm
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These observations indicate that the nature of the substrate has
a significant influence upon the morphology of the self-assembled
structures.
The electrical conductivities of these fibers were measured
using conducting probe atomic force microscopy (C-AFM).10
The I-V responses of OTV1 and OTV2 fibers indicate semi-
conductivity (Figure 3a). The highest conductance of the fiber
bundles of the undoped OTV2 was about 0.93 nS. Upon doping
with iodine vapors, a significant increase in the I-V response
was observe (Figure 3b). The highest conductance obtained for
OTV2 gel fiber bundles after doping was ca. 7.1 nS which
cor esponds to 5.6 S/cm for a fiber height of 50-60 nm and tip
ontact radius of 70 nm.11 For comparison, the reported
co ductance of the fiber bundles of doped bis(tetrathiafulvalene)
gelator is about 0.03 nS.4d The metallic conductivity of the doped
OTV2 reflects a high concentration of the charge carriers upon
iodine dopi g. AFM analysis of the xerogels after doping did
not show any major change in the morphology (Figure S4),
whereas the UV-vis-NIR spectra exhibited strong polaron/
bipolaron bands in the range 800-2500 nm indicating mixed
valenc state re ponsib e for the metallic conductivity (Figure
S5).
Th room temperature bulk electrical conductivities (σ) of the
as-prepared OTV1 and OTV2 films (four probe method) are
6.4 × 10-4 and 4.9 × 10-2 S/cm, respectively (Table 1). The
conductivity has b en significantly enhanced (an order of 2
mag itude) after doping with iodine vapors, 1.0 × 10-2 and 4.8
S/cm for OTV1 and OTV2, respectively which are close to the
values obtain d by C-AFM st dies. These data reveal that OTV2
xeroge behaves lik metallic wires after doping with iodine which
indicates that an extended conjugation length and strong gelation
in OTV2 have resulted in efficient charge carrier generation upon
doping with iodine.
In summary, an increase in conjugation length of OTV molecular
wires has a remarkable influence on the gelation and the conducting
properties. The electrical conductivity of 4.8 S/cm observed for
the iodine doped OTV2 xerogel is one of the highest values reported
for a molec lar gelator.4e,6b This new class of metallic g ls
comprised of 1D nanowires are expected to generate interest among
scientists working in the field of organic materials for electronics
and photonics applications.
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Fi ure 3. (a) C-AFM measurements of OTV1 and OTV2 xerog ls fr m
deca e solution drop cast d on HOPG (c ) 1 × 10-4 M). I-V curves of
undoped (a) and doped (b) xerogels of O V1 (1) and OTV2 (2).
Table 1. Four-Probe Conductivity (S/cm) Measurements of OTV1
and OTV2 Xerogels before and after Iodine Dopinga
Gelator σ σ (I2)
OTV1 6.45 × 10-4 1.02 × 10-2
OTV2 4.83 × 10-2 4.83
a The values are the average of three independent measurements. The
thickness of the films varied between 18 and 27 µm.
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Figure 1.17 Molecular structure (a) of the helicene derivative 48. SEM image (b) of the nanofiber produced by the self-
assembly of (M)-48. TM-AFM images (c,d) at different magnifications of the nanofibers deriving from the assembly of (M)-
48 in toluene. Schematic representation (c) of the self-assembly process of helicene derivatives 48, through H-bond mediated 
trimerization and subsequent π- π interactions.[83] 
Self-complementarity between modules having multiple H-bonded based recognition sites is therefore 
an excellent instrument to pre-organize a discrete number of supramolecular oligomers (such as 
hetero-molecular systems in which, by the combination of different type of building blocks, it will be 
possible to increase the complexity of the initial oligomeric structure), into larger structures able to 
polymerize in different supramolecular nanostructures such as helix, wires or tubes. As shown recently 
by Yagai and co-workers for the case of melamine-functionalized OPV molecules 49 and 50 (Figure 
1.18a), passing from a self-complementary to a co-assembled supramolecular system, it was possible 
to tune in a drastic way the morphology and the complexity of the resulting nanostructures.[84] After 
the deposition of 50 on HOPG the formation of fibers with a diameter of 8 nm was observed by means 
of AFM analysis (Figure 1.18c). On the other hand, the deposition under the same experimental 
conditions of molecule 49, resulted in the formation of ill-defined nanostructure as a consequence of 
the lacking of the assistential H-bond interactions originated from the amidic functionalites of 50. 
Nonetheless, the combination of 49 with cyanuric acid (CA) induced the formation of ring shaped 
nanostructures (Figure 1.18d), efficiently reconverted into fibrilar nanoobjects by increasing the 
concentration of the modules. This transition is mainly originating from the formation of a different 
kind of supramolecular oligomer in solution, between the melamine functions of 49 and the imidic 
residues of CA (Figure 1.18d,e), forming a supramolecular heterotetramer that, depending on the 
concentration, can originate both rings and fibers.  
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Hierarchical Assembly of a Phthalhydrazide-Functionalized
Helicene**
Takahiro Kaseyama, Seiichi Furumi, Xuan Zhang, Ken Tanaka, and Masayuki Takeuchi*
Exploration of a general principle to control the morphology
and electronic states of assemblies based on p-conjugated
molecules in order to create various functional materials with
optimized p-electronic properties has been an important
research target in supramolecular chemistry.[1] Among p-
conjugated molecules, helicenes, which consist of ortho-
annulated aromatic rings that have a helical chirality,[2] have
attracted much attention because of their inherent chirality,
which has recently led to promising applications in asymmet-
ric catalysis, enantioselective molecular recognition, and
chirooptical or electrooptical functional materials.[3] For
example, nonracemic helicene molecules form supramolec-
ular architectures in organogels, the liquid-crystalline phase,
and crystals to form aggregates that exhibit second-order
nonlinear optical (NLO) and chirooptical properties.[4] In
these assemblies, helicenes accumulate around 1D structures.
In order to construct such a system, we chose a disk-shaped
trimer formation of phthalhydrazide units, in which the
resulting trimeric disk is known to assemble into 1D
structures.[5,6] Rational introduction of a helicene moiety
into the phthalhydrazide unit would lead to a new supra-
molecular assembly of helicenes, which would exhibit intrigu-
ing chirooptical properties. Herein we report a new helicene 1
that bears a phthalhydrazide unit as a multiple-hydrogen-
bonding site (Scheme 1). We found that the trimeric disk
formation of 1 induces the creation of 1D chiral fiber
structures. Furthermore, the assembly exhibits superior
circularly polarized luminescence (CPL) properties with the
value of j glum j= 0.035 at 476 nm, which is, to the best of our
knowledge, the highest value reported to date for organic
chiral molecules without a host matrix.
Compound 1 was synthesized from the corresponding
precursor helicene 2, which was prepared enantioselectively
by a rhodium-catalyzed [2+2+2] cycloaddition reaction.[7]
Enantiopure (M)-1 and (P)-1 were isolated by recrystalliza-
tion and enantiomeric separation by column chromatography
on a chiral support. The trimeric disk formation of 1 was first
observed by 1H NMR spectroscopy (Figure 1 and Figure S3 in
the Supporting Information). In polar solvents such as
[D6]dimethylsulfoxide or [D4]methanol, which disrupt hydro-
gen-bonding interactions, the sharp proton signals of 1 that
corresponds to the molecularly dispersed state were observed.
In contrast, in nonpolar solvents such as [D1]chloroform or
[D8]toluene, two broad signals at low magnetic fields were
observed for (M)-1 (d= 13.0 and 13.8 ppm in [D1]chloroform,
d= 13.3 and 13.9 ppm in [D8]toluene) that can be attributed
to the hydrogen-bonded protons of the phthalhydrazide
moiety in a lactim–lactam trimeric disk, where the N!H!N
Scheme 1. Synthesis of (M)-1. a) NH2NH2, dry EtOH.
Figure 1. 1H NMR spectra of (M)-1 (1.0 mm) in a) [D1]chloroform and
b) [D6]dimethylsulfoxide. * indicates the signal for the solvent.
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protons show a different signal from the O!H!Oprotons. It is
known that a phthalhydrazide moiety exists as a mixture of
tautomers in equilibrium, namely lactam–lactam, lactim–
lactam, and lactim–lactim forms (Figure S7), and the equilib-
rium in nonpolar solvents is slow enough to be detected by
1H NMR spectroscopy.[5a] In addition to trimeric disk forma-
tion, broad proton peaks of the helicene moiety also
appeared, which indicate the formation of aggregates com-
prised of trimeric disks (Figure S4). The formation of trimeric
disks was further confirmed by using dynamic light scattering
(DLS). The average size of aggregates in freshly prepared
solutions of 1 at 20 8C was measured to be 2.5 nm in
chloroform ([1]= 0.09 mm) and 1.2 nm in methanol ([1]=
0.42 mm ; Figure S6). The average aggregate size of 2.5 nm
in chloroform is consistent with the diameter of the trimeric
disk calculated by molecular modeling (Figure S7), while the
average size of 1.2 nm in methanol was in good agreement
with the size of monomeric 1.
Assemblies of (M)-1 ([1]= 0.50 mm) prepared from
various solvents were observed by SEM and AFM. In
nonpolar solvents such as chloroform, the hydrogen-bonding
interaction should be operative, which should facilitate
spontaneous production of the trimeric disk. However, we
only observed amorphous aggregates from a freshly prepared
solution of (M)-1 in chloroform, thus suggesting that the
trimeric disk requires time to stack and form larger supra-
molecular aggregates in solution. Figure 2 shows SEM images
for drop-cast sample on Si wafers from a solution of (M)-1 in
chloroform that was left for 0 and 12 h; in the latter case,
rectangular fibrous assemblies that were 200 nm wide and 3–4
micrometers long were obtained. Additionally, it can be
clearly seen from the SEM and AFM images in Figure 3 that
well-developed chiral fibers that were 50 nm wide and 10 mm
long were formed when a solution of (M)-1 in toluene was
used. In contrast, amorphous or globular aggregates were
mainly seen from samples prepared in methanol (Figure S9).
Interestingly, AFM images revealed that fibrous assemblies of
(M)-1 consist of chiral fibers with a height of 2.5 nm, which is
consistent with the size of the trimeric disk. From these
findings, we propose the following mechanism for supra-
molecular fiber formation: firstly, the trimeric disk of (M)-1
was formed by hydrogen-bonding interactions, then the
trimeric unit stacked in a 1D manner so that the trimeric
disks within the fibers are twisted with respect to each
because of the complementary interaction between the
helicenes (Figures 3 and 4). We tried to confirm the presence
of such an interaction by UV/Vis and circular dichroism (CD)
spectroscopy, however the UV/Vis and CD spectra were
hardly affected upon formation of the assemblies (Figure S5).
Given the unimolecular fiber structure of 1, we infer that the
outer helicene moieties need to interact with each other when
stacked within the fiber and bundled with other fibers.[8] In
such a manner of organization, the enantiomeric excess of the
helicene unit should perturb the resulting morphologies.
Figure 2. SEM images of (M)-1 (1.0 mm) prepared in chloroform;
a) 0 h and b) 12 h after sample preparation.
Figure 3. a) SEM image of (M)-1 (0.5 mm) prepared in toluene; b,c) AFM images of (M)-1 prepared in toluene, (c) is the (lower) phase image;
d) plausible mechanism for the formation of fibrous aggregates from the trimeric disk of (M)-1; and e) SEM image of (rac)-1 (0.5 mm) prepared
in toluene.
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Figure 1.18 Molecular structures (a) of the OPV derivatives 49 and 50 synthesized by Yagai and co-workers and of the 
cyanuric acid CA used induced the formation of ring shape nanostructures. TM-AFM images (b) of the nanorings produced 
by the heteromolecular assembly of 49 with CA and of the nanofibers obtained form the homomolecular self-assembly of 50. 
Schematic representations of the homomolecular self-assembly process of building block 50 (d) leading to the formation of 
H-bonded nanofibers, an the heteromolecular association between 49 and CA leading to the formation of nanorings that upon 
increase of the concentration were transformed into nanofibers.[84] 
In a further development, the same recognition units composed by melamine and CA was employed to 
investigate the option to organize functional chromophores such as PBI derivatives into helical 
nanostructures. The preparation of discotic supramolecular complexes by mixing melamine’s 
derivative 51 equipped with two PBI chromophores and CA (Figure 1.19a-c), was confirmed by Uv-
Vis and Fluorescence titration, leading to the formation of a 3:1 complex in MCH between molecules 
51 and CA, respectively.[85] Microscopic investigations (TEM and AFM) revealed that the complex 
hierarchically organized into fibrous columnar assemblies, which resulted into the formations of gels. 
 
Figure 1.19 Molecular structure (a) of the melamine derivative 51 used by Yagai and co-worker to organize PBI molecules 
into helical nanostructure through H-bonds interactions. Schematic representation (b) of the self-assembly process leading to 
the final nanohelix. SEM image of the nanofibers, showing the different morphologies of the structures along the 
condensation axis (highlighted by the white squares and letters).[85] 
Induced by an evaporation-induced organization into columnar assemblies, wide area TEM analysis 
has shown the presence of different types of fibrous entities (Figure 1.19c) classified as thin fibrils, 
thin fibers and thick fibers. CD investigation showed that in the helicaidal structuration of the 
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fined nanostructures and hence nondirectional association
occurs. On the contrary, well-defined fibrillar morphologies
were visualized for 1b (Figure 5a and b). The height of the
elementary rod-shaped nanostructure is 8 nm (Figure 5c, d),
twice the molecular length of 1b with extended alkyl chains
(see Figure 9 f below). Thus, it is likely that 1b forms dimers
by hydrogen-bonding interactions between melamine moie-
ties[7a,18] and the resulting dimers stack to form nanofibers
that are stabilized by hydrogen bonding between amide
groups (Scheme 3a). FTIR spectroscopy of thin films of 1b
exhibited an amide I band at 1631 cm!1, confirming the for-
mation of the hydrogen-bonding interaction. The dimeriza-
tion of 1b is further confirmed by the XRD study of the
bulk material (see below).
Solutions of the melamine-capped OPVs (c=2!10!4m) in
MCH containing 1/3 equivalents of CA were also spin-
coated onto HOPG and imaged by AFM. Remarkably, the
samples prepared from the mixtures of 1a and CA showed
agglomerated and isolated ring-shaped nanostructures (Fig-
ure 6a). Similar ring-shaped nanostructures have recently
been discovered for small amphiphilic molecular building
blocks[19] and several hydrogen-bonded disc-shaped assem-
blies (rosettes) by our group.[20] High-resolution AFM imag-
ing of the nanorings revealed the size range of 20–50 nm
with an average height of 3–4 nm. In sharp contrast to 1a,
CA had a negative effect on the self-assembly of the amide-
functionalized 1b. AFM images of the 3:1 mixture of 1b
and CA exhibited only amorphous structures. The fibrous
nanostructures of 1b completely disappeared upon the addi-
tion of CA (Figure S4 in the Supporting Information). This
observation indicates that 1b binds with CA, but the result-
ing coaggregates lack the ability to organize into well-de-
Figure 5. AFM a) height and b) phase images of self-aggregated 1b spin-
cast from a solution in MCH (c=1.0!10!4m) onto HOPG. c) Magnified
AFM height image of elementary nanofibers of 1b and d) cross-sectional
analysis along the white line in c). z scale=30 nm in a) and 12 nm in c).
Scheme 3. Schematic representation of the a) self-aggregation of 1b and b) coaggregation of 1a with cyanuric acid (CA).
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fined nanostructures. Nonspecific hydrogen bonding be-
tween CA and the amide group of 1b might occur to form
various hydrogen-bonded coaggregates.
Gelation : Gelation of solvents by self-assembled, low-mo-
lecular-weight compounds is a good indicator of the forma-
tion of elongated fibrous nanostructures.[21] Furthermore,
the formation of an organogel as a result of supramolecular
organization of a small functional molecule, such as an
OPV, allows the formation of optically and electronically
active soft materials.[1,22] Appropriate amounts of 1a, 1b,
and their 3:1 mixtures with CA were dissolved in MCH with
heating, and the resulting homogeneous solutions were
cooled to room temperature to examine the gelation behav-
ior. Amide-functionalized 1b instantly formed transparent
gels with a concentration above 2!10!3m. This observation
is in good agreement with the formation of 1D nanostru -
tures visualized by AFM (Figure 5). In contrast, neither gels
nor viscous liquids were formed for 1a when homogeneous
solutions ("5!10!3m) were kept for several days. This ob-
servation is also consistent with the formation of ill-defined
nanostructures revealed by AFM (Figure S3 in the Support-
ing Information).
Remarkably, the gelation abilities of 1a and 1b are re-
versed in the presence of 1/3 equivalents of CA. When a ho-
mogeneous solution of the 3:1 mixture of 1a (c=5!10!3m)
and CA in MCH was kept at room temperature, a transpar-
ent gel was formed aft r one day. The AFM observation of
a dried gel did not show any fibrous structures typically ob-
served for low-molecular-weight gels (Figure 7a). Subse-
quently, the gel was diluted to c=5!10!4m. The AFM
images of the spin-cast solution exhibited short wormlike
structures (Figure 7b), which are considered to be inter-
mediate species between the gel-forming extended columnar
structures and the nanorings formed in solutions at lower
concentration (Scheme 3b). These structures were <300 nm
in length and 10–30 nm in width.
DLS analysis of nanostructures : To support the formation of
the nanostructures in solution, solutions of self- and coag-
gregates in MCH were assessed by dynamic light scattering
(DLS). No analyzable particle was detected for the solutions
of 1a and 1 3·CA in the concentration ranging from 1!10!4
t 5!10!4m, which is consistent with the results of the AFM
studies. For a 1!10!4m solution of the amide-functionalized
1b, however, extended assemblies with hydrodynamic diam-
eters (DH) close to 1 mm were detected (top data in Fig-
ure 8a). Interestingly, the average DH of the assemblies
showed a time-dependent increase that exceeded 2 mm after
50 min (from top to bottom in Figure 8a). This is an indica-
tion of the presence of nonequilibrated extended supra-
molecular assemblies.
In contrast, solutions of 1a3·CA exhibited equilibrated,
time-independent DLS results. For a 1!10!4m solution, as-
semblies for which the DH values were 60–90 nm were de-
tected in addition to larger assemblies around 300–400 nm
(Figure 8b). The former assemblies are believed to be the
ring-shaped nanostructures observed by AFM. The smaller
sizes of the rings observed by AFM compared with those
from the DLS studies might be due to shrinkage of the
sample during the evaporation of the solvent.[20a] The larger
assemblies are, on the other hand, considered to be open-
ended fibrous assemblies that are not detected by AFM.
Upon increasing the concentration to 5!10!4m, the smaller
assemblies clearly decreased, and the larger assemblies were
the predominantly existing species (Figure 8c). These results
agree well with the result of AFM studies and clearly dem-
onstrate the concentration-dependent formation of closed
and open structures of columnar stacks of the discotic supra-
molecul r species 1a3·CA.[20b]
Packing structures of OPV self-aggregates : To gain a deeper
insight into the dramatically different self-aggregation abili-
ties of 1a and 1b, solid-state packing structures of these
OPVs were investigated with polarized optical microscopy
(POM), differential scanning calorimetry (DSC), and XRD
techniques. The POM and DSC observations revealed that
1a exhibits shearable birefringent mesophases between 71
(2.5 kJmol!1) and 85 8C (25.4 kJmol!1), and 1b between 53
Figure 6. a–c) AFM height image of 1a3·CA spin-coated from a solution
in MCH (c=2.0!10!4m) and d) cross-sectional analysis along the white
line in c). z scale=6 nm in a) and 5 nm in b).
Figure 7. a) AFM height image of methylcyclohexane gel of 1a3·CA. z
scale=10 nm. Inset shows a picture of the gel. b) AFM height image of
1a3·CA spin-cast from a solution in MCH (c=5.0!10!4m). z scale=
6 nm.
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fined nanostructures and hence nondirectional association
occurs. On the contrary, well-defined fibrillar morphologies
were visualized for 1b (Figure 5a and b). The height of the
elementary rod-shaped nanostructure is 8 nm (Figure 5c, d),
twice the molecular length of 1b with extended alkyl chains
(see Figure 9 f below). Thus, it is likely that 1b forms dimers
by hydrogen-bonding interactions between melamine moie-
ties[7a,18] and the resulting dimers stack to form nanofibers
that are stabilized by hydrogen bonding between amide
groups (Scheme 3a). FTIR spectroscopy of thin films of 1b
exhibited an amide I band at 1631 cm!1, confirming the for-
mation of the hydrogen-bonding interaction. The dimeriza-
tion of 1b is further confirmed by the XRD study of the
bulk material (see below).
Solutions of th melamine-capped OPVs (c=2!10!4m) in
MCH containing 1/3 equivalen s of CA were a so spin-
coated onto HOPG and imaged by AFM. Remarkably, the
samples prepared from the mixtures of 1a and CA showed
agglomerated and isolated ring-shaped nanostructures (Fig-
ure 6a). Similar ring-shaped nanostructures have recently
been discovered for small amphiphilic molecular building
blocks[19] and several hydrogen-bonded disc-shaped assem-
blies (rosettes) by our group.[20] High-resolution AFM imag-
ing of the nanorings revealed the size r ge of 20–50 nm
with an average height of 3–4 nm. In sharp contrast to 1a,
CA had a negative effect on the self-assembly of the amide-
functionalized 1b. AFM images of the 3:1 mixture of 1b
and CA exhibited only amorphous structures. The fibrous
anostructures of 1b completely disappeared upon the addi-
tion of CA (Figure S4 in the Supporting Information). This
observation indicates that 1b binds with CA, but the result-
ing coaggregates lack the ability to organize into well-de-
Figure 5. AFM a) height and b) phase images of self-aggregated 1b spin-
cast from a solution in MCH (c=1.0!10!4m) onto HOPG. c) Magnified
AFM height image of elementary nanofibers of 1b and d) cross-sectional
analysis along the white line in c). z scale=30 nm in a) and 12 nm in c).
Scheme 3. Schematic representation of the a) self-aggregation of 1b and b) coaggregation of 1a with cyanuric acid (CA).
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ric acid (CA)[26] is a reliable
supramolecular scaffold for the
construction of discotic multi-
chromophore sy tems that or-
ganize into extended columnar
nanostructures.[25k,q] In this
study, we thus prepared mono-
topic melamines 1 possessing
two PBI chromophores at the
secondary amino groups
through flexible linkers and
either chiral (1S and 1R) or
achiral (1A) side chains at the
tertiary amino group
(Figure 1).[27] Full binding of 1
to all the acceptor–donor–ac-
ceptor (ADA) hydrogen-bond-
ing moieties of CA should
afford disk-shaped supramolec-
ular complex 13·CA, whose hi-
erarchical stacking[28] is expect-
ed to be effectively regulated
through intercomplex asymmet-
ric interactions f six chiral side
chains substituted at the hydro-
gen-bonded core. The present
strategy for the construction of
chiral supramolecular assem-
blies also provides us to explore
the expression of chiral amplifi-
cation in noncovalent supra-
molecular systems, which has
rarely been observed for PBI-
based assemblies.[19,24g]
Results and Discussion
Aggregation studies by UV/Vis
and fluorescence spectroscopy:
Complexation of 1S with CA
was first studied by UV/Vis and
fluorescence spectroscopies in
methylcyclohexane (MCH).
Concentration of 1S was set to
3.0!10!4m for achieving suffi-
cient binding with CA.[25k,q] In
the absence of CA, 1S shows an
absorption spectrum lacking vi-
bronic fine structure of mono-
meric PBIs (Figure 2a).[29] The fluorescence spectrum is
characterized by a broad emission band at 620 nm typical of
p-stacked PBIs (Figure 2b).[29] A marginal absorption spec-
tral change was observed upon decreasing concentration to
5.0!10!6m (Figure S1), suggesting that the two perylene
chromophores of 1S form intramolecular p–p stacking inter-
action. Upon adding aliquots of CA to the solution of 1S,
pronounced decreases in the absorption and emission inten-
sities were observed, which leveled off with 1/3 equivalent
of CA. The quantitative binding of 1S to all ADA binding
sites of CA under the present condition should not be al-
lowed if DAD!ADA hydrogen bonds are the only intermo-
lecular interactions.[30] Thus, it is suggested that p–p stacking
interactions between perylene chromophores promotes the
Figure 1. a) Chemical structures of 1 and CA. b) Proposed structure of 3:1 hydrogen-bonded complex 1S3·CA.
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interaction of perylene chromophores, the low anisotropy
factors (g=De/e=1.6!10!4 for 1S and !1.4!10!4 for 1R at
494 nm) compared to those of other chiral PBI assemblies
reported so far[24] indicate that chiral side chains o not ef-
fectively bias the helical sense of the stacks. This result is
most likely due to the nonspecific self-aggregation of these
molecules illustrated by rather am rphous nanostructu es
visualized by AFM (Figure S7) in addition to low charge
carrier mobilities estimated by FP-TRMC (Figure 5).
Remarkably, upon addition of aliquots of CA to the solu-
tion of 1S, strong Cotton effects are induced with sign rever-
sal (Figure 6b). Linear dichroism (LD) measurements re-
veal d that the LD effect arising from macroscopically
aligned fibers in solution has no influence on the observed
Cotton effect.[44] The increase of Cotton eff ct fini h s when
the amount of CA reaches 1/3 equivalent of 1S, which is
consistent with the results obtained by UV/Vis and fluores-
cence titration experiments. The anisotropy factor g of the
3:1 mixture is 1.5!10!3 at 465 nm, approximat ly on rder
of magnitude larger than that of 1S alone and comparable
to that of chiral core-unsubstituted PBI assemblies reported
by others or even higher.[24] The 3:1 mixture of 1R and CA
shows its mirror image Cotton effect with a g value of
!1.4!10!3 at 465 nm (see below). These results suggest that
the direction of rotational displacement of p-stacked PBIs is
effectively biased upon complexation with CA.
The strong CD activity of the complex 1S3·CA an the
aforementioned microscopic and FP-TRMC studies st o gly
suggest the formation of extended columnar assemblies with
a chiral supramolecular architecture.[45] Considering the C3-
symmetrical structures of the present hydrogen-bonded
complex, the resulting column features a triple helix of
double-stranded PBI stacks (Figure 6c).[46] In this structure,
the helical sense of the column is determined by the direc-
tion of rotational displacement of the hydrogen-bo ded
core, which in turn is commanded by the intercomplex
asymmetric interactions between the chiral side chains. The
fact that the chiral centers are located inside the discotic
structure rather than at its periphery might be unique struc-
tural property responsible for the rather strong CD activity
despite the presence of only one 3,7-dimethyloctyl chiral
handle per perylene chromophore.[24]
Retention of supramolecular hirality upon dilution : In
order to gain more insight into the chiral organization of the
columnar assemblies, we investigated the concentration de-
pendence of the CD activity. For this purpose, MCH solu-
tions of 1S3·CA with various concentrations were prepared
by dissolving the 3:1 solid mixtures of 1S and CA in MCH
(direct method, Figure 7a) and their CD spectra were re-
corded. The plots of De at 465 nm as a function of concen-
tration reveal the presence of the saturation concentration
(csat) of CD activity at 1.2!10!4m based on 1S (Figure 7b
and S8a). Below csat, the monotonous increase of De takes
place and bove which it only gradually increases. This ob-
servation indicates that, below csat, the hydrogen-bonded
complexes are not fully formed, or even if they are fully
formed, considerable degree of nonhelical or right-handed
helical domains coexist with left-handed helical domains in
the resulting columns.[47]
Interestingly, when solutions with the concentrations
above csat are diluted (dilution method, Figure 7a), the CD
Figure 6. a) CD spectra of 1S (solid line) and 1R (dashed line) in MCH
(3.0!10!4m) at 25 8C. Inset cartoons depict the direction of rotational dis-
placeme t of two perylene chromophores for 1S and 1R. b) CD spectral
change of 1S in MCH (3.0!10!4m) upon addition of CA (0 to 3.0!
10!4m) at 25 8C. Arrows indicate the changes upon increasing the amount
of CA. Inset graph shows plots of De at 465 nm as a function of [CA]/
[1S] Inset cartoon illustrates the change of the direction of rotational dis-
placement of PBI chromophores upon addition of CA. c) Schematic rep-
resentation of a proposed helical columnar structure formed from hydro-
gen-bonded complex 1S3·CA.
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interaction of perylene chromophores, the low anisotropy
factors (g=De/e=1.6!10!4 for 1S and !1.4!10!4 for 1R at
494 nm) compared to those of other chiral PBI assemblies
reported so far[24] indicate that chiral side chains do not ef-
fectively bias the helical sense of the stacks. This result is
most likely due to the nonspecific self-aggregation of these
molecules illustrated by rather amorphous nanostructures
visualized by AFM (Figure S7) in addition to low charge
carrier mobilities estimated by FP-TRMC (Figure 5).
Remarkably, upon addition of aliquots of CA to the solu-
ti n of 1S, stro g Cotton effect are induced with ign rever-
sal (Figure 6b). Linear dichroism (LD) measurements re-
vealed that the LD effect arisin from macroscopically
aligned fibers in solution has no influence on the observed
Cotton effect.[44] The increase of Cotton effect finishes when
the amount of CA reaches 1/3 equivalent of 1S, which is
consistent with the results obtained by UV/Vis and fluores-
cence t trat on experiments. The anisotropy factor g of the
3:1 mixture is 1.5!10!3 at 465 nm, approximately one order
of magnitude larger than that of 1S alone and comparable
to that of chiral core-unsubstituted PBI assemblies reported
by others or even higher.[24] The 3:1 mixture of 1R and CA
shows its mirror image Cotton effect with a g value of
!1.4!10!3 at 465 nm (see below). These results suggest that
the direction of rotational displaceme t of p-stacked PBIs is
effectively biased upon complexation with CA.
The str ng CD activity of the complex 1S3·CA and the
aforementioned microscopic and FP-TRMC studies strongly
suggest the formation of extended columnar assemblies with
a chiral supramolecular architecture.[45] Considering the C3-
symmetrical structures of the present hydrogen-bonded
co plex, the resulting column features a triple helix of
d uble-stranded PBI stacks (Figure 6c).[46] In this structure,
the helical sense f the column is determined by the direc-
tion of rotational displacement of the hydrogen-bonded
core, which in turn is commanded by the intercomplex
asymmetric interactions between the hiral side chains. The
fact that the chiral centers are located inside the discotic
structure rather than at its periphery might be unique struc-
tural property responsible for the rather strong CD activity
despite the presence of only one 3,7-dimethyloctyl chiral
handl per perylene chromophore.[24]
Retention of supramolecular chirality upon dilution : In
order to gain more insight into the chiral organization of the
columnar assemblies, we investigated the conce trati n de-
pend nce of the CD activity. For this purpose, MCH solu-
tions of 1S3·C with various concentrations were prepared
by dissolving the 3:1 solid mixtures of 1S and CA in MCH
(direct method, Figure 7a) and their CD spectra were re-
corded. The plots of De at 465 nm as a function of concen-
tration reveal the presence of the saturation concentration
(csat) of CD activity at 1.2!10!4m based on 1S (Figure 7b
and S8a). Below csat, the monotonous increase of De takes
place and above which it only gradually increases. This ob-
servation indicates that, below csat, the hydrogen-bonded
complexes are not fully formed, or even if they are fully
formed, considerable degree of nonhelical or right-handed
helical domains coexist with left-handed helical domains in
the resulting columns.[47]
Interestingly, when solutions with the concentrations
above csat are diluted (dilution method, Figure 7a), the CD
Figure 6. a) CD spectra of 1S (solid line) and 1R (dashed line) in MCH
(3.0!10!4m) at 25 8C. Inset cartoons depict the direction of rotational dis-
placement of two perylene chromophores for 1S and 1R. b) CD spectral
change of 1S in MCH (3.0!10!4m) upon addition of CA (0 to 3.0!
10!4m) at 25 8C. Arrows indicate the changes upon increasing the amount
of CA. Inset graph shows plots of De at 465 nm as a function of [CA]/
[1S] Inset cartoon illustrates the chang of the direction of rotation l dis-
placement of PBI chromophores upon addition of CA. c) Schematic rep-
resentation of a proposed helical columnar structure formed from hydro-
gen-bonded complex 1S3·CA.
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TRMC) measurements, informative of the charge carrier
mobility in a short distance (!10 nm), were performed for
dried films of 1S3·CA and 1S.[39] The films of 1S3·CA showed
reproducible transient conductivity (fSm) with maximum
value of 1.4!10"5 cm2V"1 s"1 upon excitation with incident
laser pulses at 355 nm and subsequent decays are observed
(Figure 5b). The observed TRMC signals indicate the gener-
ation of mobile charge carriers upon photoexcitation fol-
lowed by their extinction through trapping and/or recombi-
nation events. The photo-carrier generation yield (f) in a
thin film of 1S3·CA was determined to be 4.8!10"4 by
photo-current integration method. Thus, isotropic electron
mobility (Sm) is determined as 0.03 cm2V"1 s"1. This value is
comparable to the mobilities of other self-assembled PBIs
determined by pulse-radiolysis (PR)-TRMC or FP-TRMC
methods,[40] illustrating the presence of extended p-stacks of
PBI chromophores in the columnar assemblies of 1S3·CA.
In contrast, the films of 1S reproducibly exhibited weaker
TRMC signals (maximum fSm value of 8.5!
10"6 cm2V"1 s"1) in comparison with those from 1S3·CA (Fig-
ure 5a). The f value of a film of 1S was determined to be
4.5!10"4, which is almost identical to that of 1S3·CA. Ac-
cordingly, the Sm of 1S results in a lower value
(0.02 cm2V"1 s"1) than that of 1S3·CA. These findings unam-
biguously illustrate that more ordered pathway suitable for
the transportation of mobile charge carriers are constructed
through the hierarchical association of the C3-symmetrical
hydrogen-bonded complexes, even though nonspecific self-
aggregation of 1S can provide pathway for the transporta-
tion of mobile charge carriers. In addition to such a differ-
ence in the local structural ordering of the p-stacks as re-
vealed by the FP-TRMC study, the difference in the long-
range structural ordering of the assemblies as illustrated by
the aforementioned AFM studies (see Figure S7) might be
an essential factor if these supramolecular systems are ap-
plied to optoelectronic devices.[3]
Circular dichroism studies : While all the above results dem-
onstrate the hierarchical organization of hydrogen-bonded
complexes 13·CA into extended columnar structures, circular
dichroism (CD) spectroscopy unveils their helical fea-
tures.[41] In the absence of CA, MCH solutions of 1S show
bisignated Cotton effect with a positive maximum at 494 nm
and a negative maximum at 454 nm (Figure 6a). A mirror
image Cotton effect is observed for 1R.[42] These observa-
tions indicate the preferential formation of PBI stacks with
a right- (1S) or left-handed (1R) rotational displacement, re-
spectively.[43] Although it is difficult to attribute the origin of
the observed CD signals to either intra- or intermolecular
Figure 5. a) Transient conductivities for a thin film of a) 1S and b)
1S3·CA under an excitation of 355 nm at photon density of 1.8!1016 pho-
tons cm"2 at room temperature.
Figure 4. a) TEM image of 1S3·CA drop-cast from a diluted MCH gel
([1S]=3[CA]=1.0!10"4m) on Cu-supported carbon grid. Inset shows a
stripe texture formed by the thick fibers. Upon evaporation, the solvent
recedes toward the direction indicated by the white arrow. b),c) Magni-
fied images of boundaries in which the sizes of fibrous objects are
changed b) from thin fibrils (domain A) to thin fibers (domain B) and c)
from thin fibers (domain B) to thick fibers (domain C).
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ric acid (CA)[26] is a reliable
supramolecular scaffold for the
construction of discotic multi-
chromophore systems that or-
ganize into extended columnar
nanostructures.[25k,q] In this
study, we thus prepared mono-
t pic melamines 1 possessing
two PBI chromophores at the
secondary amino groups
through flexible linkers and
either chiral (1S and 1R) or
achiral (1A) side chains at the
tertiary amin group
(Figure 1).[27] Full binding of 1
to all the acceptor–donor–ac-
ceptor (ADA) hydrogen-bond-
ing moieties of CA should
afford disk-shaped supramolec-
ular complex 13·CA, whose hi-
erarchical stacking[28] is expect-
ed to be effectively regulated
through intercomplex asymmet-
ric interactions of six chiral side
chains substituted at the hydro-
gen-bonded core. The present
strategy for the construction of
chiral supramolecular assem-
blies also provides us to explore
the expression of chiral amplifi-
cation in noncovalent supra-
molecular systems, which has
rarely been observed for PBI-
based assemblies.[19,24g]
Results and Discussion
Aggregation studies by UV/Vis
and fluorescence spectroscopy:
Complexation of 1S with CA
was first studied by UV/Vis and
fluorescenc spectroscopies in
methylcyclohexane (MCH).
Concentration of 1S was set to
3.0!10!4m for achieving suffi-
cient binding with CA.[25k,q] In
the absence of CA, 1S shows an
absorption spectrum lacking vi-
bronic fine structure of mono-
meric PBIs (Figure 2a).[29] The fluorescence spectrum is
characterized by a broad emission band at 620 nm typical of
p-stacked PBIs (Figure 2b).[29] A marginal absorption spec-
tral change was observed upon decreasing concentration to
5.0!10!6m (Figure S1), suggesting that the two perylene
chromophores of 1S form intramolecular p–p stacking inter-
action. Upon adding aliquots of CA to the solution of 1S,
pronounced decreases in the absorption and emission inten-
sities were observed, which leveled off with 1/3 equivalent
of CA. The quantitative binding of 1S to all ADA binding
sites of CA under the present condition should not be al-
lowed if DAD!ADA hydrogen bonds are the only intermo-
lecular interactions.[30] Thus, it is suggested that p–p stacking
interactions between perylene chromophores promotes the
Figure 1. a) Chemical structures of 1 and CA. b) Proposed structure of 3:1 hydrogen-bonded complex 1S3·CA.
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interaction of erylene chromophores, the low anisotropy
factors (g=De/e=1.6!10!4 for 1S and !1.4!10!4 for 1R at
494 nm) compared to those of other chiral PBI assemblies
reported so far[24] indicate that chiral side chains o not ef-
fectively bias the helical sense of the stacks. This resu t is
most likely due to the nonspecific self-aggregation of these
molecules illustrated by rather amorphous nan str ctures
visualized by AFM (Figure S7) in additi n to low charge
carrier mobilities estimated by FP-TRMC (Figur 5).
Remarkably, upon addition of aliquots of CA to the solu-
tion of 1S, strong Cotton effects are induced with sign rever-
sal (Figure 6b). Linear dichroism (LD) measureme t re-
vealed that the LD effect arising from macroscopically
aligned fibers in solution has no influence on the observed
Cotton effect.[44] The increase of Cotton eff ct finish s when
the amount of CA reaches 1/3 equivalent of 1S, which is
consistent with the results obtained by UV/Vis and fluores-
cence titration experiments. The anisotropy factor g of the
3:1 mixture is 1.5!10!3 at 465 nm, approximat ly on rder
of magnitude larger than that of 1S alone and comparable
to that of chiral core-unsubstituted PBI assemblies reported
by others or even higher.[24] The 3:1 mixture of 1R and CA
shows its m ror imag Cotton effect with a g value of
!1.4!10!3 at 465 nm (see below). These results suggest that
the direction of rotational displacement of p-stacked PBIs is
effectively biased upon complexation with CA.
The strong CD activity of the complex 1S3·CA and the
aforementioned microscopic and FP-TRMC studies st o gly
suggest the formation of extended columnar assemblies with
a chiral supramolecular architecture.[45] Considering the C3-
symmetrical structures of the present hydrogen-bonded
complex, the resulting column features a triple helix of
double-stranded PBI stacks (Figure 6c).[46] In this structure,
the helical sense of the column is determined by the direc-
tion of rotational displacement of the hydrogen-bonded
core, which in turn is commanded by the intercomplex
asymmetric interactions between t chiral side chains. The
fact that the chiral centers are located inside the discotic
structure rather than at its periphery might be unique struc-
tural property responsible for the rather strong CD activity
despite the presence of only one 3,7-dimethyloctyl chiral
handle per perylene chromophore.[24]
Retention of supramolecular chir lity upon dilution : In
order to gai more insight into the chiral organization of the
columnar assemblies, we investigated the concentration de-
pendence of the CD activity. For this purpose, MCH solu-
tions of 1S3·CA with various concentrations were prepared
by dissolving the 3:1 solid mixtures of 1S and CA in MCH
(direct method, Figure 7a) and their CD spectra were re-
corded. The plots of De at 465 nm as a function of concen-
tration reveal the presence of the saturation concentration
(csat) of CD activity at 1.2!10!4m based on 1S (Figure 7b
and S8a). Below csat, the monotonous increase of De takes
place and above which it only gradually increases. This ob-
servation indicates that, below csat, the hydrogen-bonded
complexes are not fully formed, or even if they are fully
formed, considerable degree of nonhelical or right-handed
helical domains coexist with left-handed helical domains in
the resulting columns.[47]
Interestingly, when solutions with the concentrations
above csat are diluted (dilution method, Figure 7a), the CD
Figure 6. a) CD spectra of 1S (solid line) and 1R (dashed line) in MCH
(3.0!10!4m) at 25 8C. Inset cartoons depict the direction of rotational dis-
placement of two perylene chromophores for 1S and 1R. b) CD spectral
change of 1S in MCH (3.0!10!4m) upon addition of CA (0 to 3.0!
10!4m) at 25 8C. Arrows indicate the changes upon increasing the amount
of CA. Inset graph shows plots of De at 465 nm as a function of [CA]/
[1S] Inset cartoon illustrates the change of the direction of rotational dis-
placement of PBI chromophores upon addition of CA. c) Schematic rep-
resentation of a proposed helical columnar structure formed from hydro-
gen-bonded complex 1S3·CA.
Chem. Eur. J. 2011, 17, 3598 – 3608 " 2011 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 3603
FULL PAPERPerylene Bisimide Columnar Superstructure
interaction of pery ene chromophores, the low anisotropy
factors (g=De/e=1.6!10!4 for 1S and !1.4!10!4 for 1R at
494 nm) compared to those of other chiral PBI assemblies
reported so far[24] indicate that chiral side chains do not ef-
fectively bias he helical sense of the stacks. This result i
most likely due to the nonspecific self-aggregation of these
molecules illustrat d by rather amorphous nanostructures
visualized by AFM (Figure S7) in addition to low charge
carrier mobilities estimated by FP-TRMC (Figure 5).
Remarkably, upon addition of aliquots of CA to the solu-
tion of 1S, strong Cotton effects are induced with sign rever-
sal (Figure 6b). Linea dich oi m (LD) measurements re-
vealed that the LD effect arising from macroscopically
aligned fibers in solution has no influence on t e bserved
Cotton effect.[44] The increase of Cotton effect finishes when
the amount of CA reaches 1/3 equivalent of 1S, which is
consist nt with the results obtained by UV/Vis and fluores-
cence titration experiments. The anisotropy factor g of the
3:1 mixture is 1.5!10!3 t 465 nm, approximately one order
of magnitude larg r t an that of 1S alon and comparable
to that of chiral core-unsubstituted PBI assemblies reported
by oth rs or even higher.[24] The 3:1 mixture of 1R and CA
shows its mirror image Cotton effect with a g value of
!1.4!10!3 at 465 nm (see below). These results suggest that
the direction of rotational displacement of p-stacked PBIs is
effectively biased upon complex tion with CA.
The str ng CD activity of the omplex 1S3·CA and the
aforementioned microscopic and FP-TRMC studies str n ly
suggest the formation of extended columnar assemblies with
a chiral supramolecular architecture.[45] Considering the C3-
symmetrical structures of the present hydrogen-bonded
co plex, the resulting column features a triple helix of
d uble-stranded PBI stacks (Figure 6c).[46] In this structure,
the helical sense of the column is determined by the direc-
tion of rotational displacement of the hydrogen-bonded
core, which in t rn is commanded by t e intercomplex
asymmetric interactions between the chiral side chains. The
fact that the chiral centers are located inside the discotic
structure rather than at its periphery might be unique struc-
tural property responsible for the rather strong CD activity
despite the presence of only one 3,7-dimethyloctyl chiral
handl per perylene chromophore.[24]
Retention of supramolecular chirality upon dilution : In
rder to gain more insight into the chiral organization of the
columnar assemblies, we investigated the conce trati n de-
pend nce of the CD activity. For this purpose, MCH solu-
tions of 1S3·CA with various concentrations were prepared
by dissolving the 3:1 solid mixtures of 1S and CA in MCH
(direct method, Figure 7a) and their CD spectra were re-
corded. The plots of De at 465 nm as a function of concen-
tratio eveal the presence of the saturation concentration
(csat) of D activity at 1.2!10!4m based on 1S (Figure 7b
and S8a). Below csat, the m notonous increase of De takes
place and above which it only gradually increases. This ob-
servation indicates that, below csat, the hydrogen-bonded
complexes are not fully formed, or even if they are fully
formed, considerable degree of nonhelical or right-handed
helical domains co xist with left-handed helical d mains in
the resulting columns.[47]
Interestingly, when solutions with the concentrations
above csat are diluted (dilution method, Figure 7a), the CD
Figure 6. a) CD spectra of 1S (solid line) and 1R (dashed line) in MCH
(3.0!10!4m) at 25 8C. Inset cartoons depict the direction of rotational dis-
placement of two perylene chromophores for 1S and 1R. b) CD spectral
change of 1S in MCH (3.0!10!4m) upon addition of CA (0 to 3.0!
10!4m) at 25 8C. Arrows indicate the changes upon increasing the amount
of CA. Inset graph shows plots of De at 465 nm as a function of [CA]/
[1S] Inset cartoon illustrates the change of the direction of rotational dis-
placement of PBI chromophores upon addition of CA. c) Schematic rep-
resentation of a proposed helical columnar structure formed from hydro-
gen-bonded complex 1S3·CA.
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TRMC) measurements, informative of the charge carrier
mobility in a short distance (!10 nm), were performed for
dried films of 1S3·CA and 1S.[39] The films of 1S3·CA showed
reproducible transient conduc ivity (fSm) with aximum
value of 1.4!10"5 cm2V"1 s"1 upon xcitation with incid nt
laser pulses at 355 nm and subsequent decays are observed
(Figure 5b). The observed TRMC signals indicate the gener-
ation of mobile charge carriers upon photoexcitation fol-
lowed by their extinction through trapping and/or recombi-
nation events. The photo-carrier generation yield (f) in a
thin film of 1S3·CA was determined to be 4.8!10"4 by
photo-current integration method. Thus, isotropic electr n
mobility (Sm) is determined as 0.03 cm2V"1 s"1. This value is
comparable to the mobilities of other self-assembled PBIs
determined by pulse-radiolysis (PR)-TRMC or FP-TRMC
methods,[40] illustrating the presence of extended p-stacks of
PBI chromophores in the columnar assemblies of 1S3·CA.
In contrast, the films of 1S reproducibly exhibited weaker
TRMC signals (maximum fSm value of 8.5!
10"6 cm2V"1 s"1) in comparison with those from 1S3·CA (Fig-
ure 5a). The f value of a film of 1S was determined to be
4.5!10"4, which is almost identical to that of 1S3·CA. Ac-
cordingly, the Sm of 1S results in a lower value
(0.02 cm2V"1 s"1) than that of 1S3·CA. Th se findings unam-
biguously illustra that more ordered pathway suitable for
the transportation of mobile charge carriers are constructed
through the hierarchical association of the C3-symmetrical
hydrogen-bonded complexes, even though nonspecific self-
aggregation of 1S can provide pathway for the transporta-
tion of mobile charge carriers. In addition to such a differ-
ence in the local structural ordering of the p-stacks as re-
vealed by the FP-TRMC study, the difference in the long-
range structural ordering of the assemblies as illustrated by
the aforementioned AFM studies (see Figure S7) might be
an essential factor if these supramolecular systems are ap-
plied to optoelectronic devices.[3]
Circular dichroism studies : While all the above results dem-
onstrate the hierarchical organization of hydrogen-bonded
complex s 13·CA into extended columnar structures, circular
dichroism (CD) spectroscopy unveils their helical fea-
tures.[41] In the absence of CA, MCH solutions of 1S show
bisignated Cotton effect with a positive maximum at 494 nm
and a negative maximum at 454 nm (Figure 6a). A mirror
image Cotton effect is observed for 1R.[42] These observa-
tions indicate the preferential formation of PBI stacks with
a right- (1S) or left-handed (1R) rotational displacement, re-
spectively.[43] Although it is difficult to attribute the origin of
the observed CD signals to either intra- or intermolecular
Figure 5. a) Transient conductivities for a thin film of a) 1S and b)
1S3·CA under an excitation of 355 nm at photon density of 1.8!1016 pho-
tons cm"2 at room temperature.
Figure 4. a) TEM image of 1S3·CA drop-cast from a diluted MCH gel
([1S]=3[CA]=1.0!10"4m) on Cu-supported carbon grid. Inset shows a
stripe texture formed by the thick fibers. Upon evaporation, the solvent
recedes toward the direction indicated by the white arrow. b),c) Magni-
fied images of boundaries in which the sizes of fibrous objects are
changed b) from thin fibrils (domain A) to thin fibers (domain B) and c)
from thin fibers (domain B) to thick fibers (domain C).
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columnar stacks is determined by the direction of the rotational displacement of the H-bonded core, 
which is commanded by the intercomplex asymmetric interaction between the internal chiral chains of 
the primary discotic entity. In addition, the obtained columnar aggregates have shown a remarkable 
retention of chirality upon dilution and on time, maintaining their CD activity up to two weeks after 
their preparation.  
 
Figure 1.20 Molecular structure of the H-bond based trimer formed by the self-assembly of PBI 53 and two units of 
melamine functionalized OPV derivative 52. CPK representations (b) of the optimized of PBI derivative 53 (left) and of its 
disposition along the nanofibres (right). TM-AFM images (c) of the fibers obtained upon spin coating of a MCH solution of 
molecule 52 and 53 in 2:1 ratio. 
The π-π stacking interactions that usually originate from the organization of the molecular modules in 
which the H-bonding system is orthogonally oriented to an aromatic moiety, can be efficiently 
exploited in order to produce ordered 1D-nanostructures characterized by high electrical conductivity. 
For this purpose, the molecular recognition process between diaminotriazine and PBI in order to 
produce p-n-p junction have been thoroughly studied by different groups.[86] In the works of Meijer, 
PBI derivative 53 was exploited in order to form a H-bond based trimers in which the two molecules 
of OPV derivative 52 where associated at both termini of the PBI modules (Figure 1.20a).[87] After the 
trimerization process, due to the increase of the π-conjugated surface of the supramolecular complex, 
the formation helical columnar stacks, with a diameter of approximatively 7 nm, occurred. The 
resulting nanofibers have proven to serve as an efficient “supramolecular wire” for the antiparallel 
transport of both electrons and holes. The occurrence of an electron transfer phenomena within the 
columnar structure, from the electron donor OPV to the electron acceptor (PBI), was outlined by time 
resolved TA spectroscopy, proving in this way the functionality of the supramolecular system.  
 
 
 
crometers and a width of the smallest resolved fibers of about 7
nm. The large fibers are presumably composed of multilayers having
a width of multiples of 7 nm, that coil into chiral aggregates.
On the basis of the information sofar, we favor a model of
hydrogen-bonded complexes (Chart 1), which further self-assemble
into long fibers that have a width of 7 nm. To explain the large
bathochromic shift of the perylene absorption and the strong
negative CD of the dye assemblies, winding of the complex in a
chiral screw sense as shown in Figure 3 seems to be a reasonable
possibility. For such an assembly each molecule of 2 is coordinated
by hydrogen-bonding to two molecules of 1 and all polar parts (e.g.,
the hydrogen-bonding sites and the pi-surfaces) are covered in the
interior while the alkyl parts direct into the aliphatic solvent or
interpenetrate to neighboring fibers at the glass surface.
Femtosecond pump-pulse spectroscopy measurements were
performed in MCH to determine the charge-transfer rate in the
complex. When excited at 450 nm where mainly 1 absorbs, the
OPV radical cation becomes visible at 1450 nm, indicating a
photoinduced electron-transfer process.9 At room temperature this
charge-separated state is formed within a few picoseconds, while
the recombination is within 60 ps. At 80 °C where only monomers
and small hydrogen-bonded complexes are present the charge
formation is again within picoseconds, but the recombination takes
now more then 300 ps. Presumably, the charge-separated state lives
longer at high temperature because after charge transfer the complex
may dissociate.
In conclusion, well-defined chiral fibers incorporating donor and
acceptor chromophores could be realized by self-assembly. Upon
photoillumination of these fibers electron transfer takes place,
leading to charge separation within the aggregated dyes. The
application of these bichromophoric assemblies in photovoltaic and
nanoscale devices is in progress.
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Figure 1. Temperature-dependent CD (left), UV-vis (middle), and fluoresence spectra (right) of the 1-2-1 triad (c ) 3.7 10-5 mol/L) in MCH (arrows
indicate the changes upon cooling).
Figure 2. Tapping mode AFM image (715 nm × 475 nm) of the 1-2-1
complex upon spin-coating from MCH (c ) 1 wt %) on a glass slide.
Chart 1. 2:1 Assembly of OPV 1 and Perylene Bisimide 2
Figure 3. Top view on one atropisomer of 2 (left) and possible helical
arrangement for 1-2-1 (right; OPVs are shown in green color).
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1.6 2-D H-Bonded Networks  
The investigation of the electronic and geometrical properties of molecular materials bi-dimensionally 
arranged on surface can be extremely important in a next future for its potential application in the field 
of fabrication of nanoelectronic devices.[88] In this context the continuous development of the Scanning 
Probe Microscopy (SPM) in the last decades have allowed the observation and the characterization at 
the molecular resolution of the geometrical properties 2-D networks.[89] In particular, among all the 
SPM techniques, the Scanning Tunnelling Microscopy (STM) have become the chosen technique for 
characterizing the formation of mono and multi molecular layer on different types of conductive 
surfaces.[90] In these systems, the process of formation of the first monolayer and its stability are 
generally ruled by the molecule substrate interactions defining in this way also the orientation of the 
molecular domain. However, intermolecular forces are also fundamental parameters in such systems 
due to the fact that the adsorbed molecules in general posses sufficient mobility to redistribute on the 
surface in order to form the most thermodynamically stable phase. In this context, intermolecular non-
covalent interactions acting between molecules in a parallel direction respect to the substrate can 
decide the structural features of the final 2-D assembly. Among all the possible strategies, the 
incorporations of H-bonds motifs in conjugated molecules to inducing a controlled self-assembly 
process on surface is one of the most successful approaches due to the high directionality and 
reversibility of this type of interactions, which give the possibility to pre-design the geometrical and 
structural features of the resulting network. So far a cospicuos number of example describing the 
preparation of mono and bi-component 2D networks throught the formation of H-bonding interactions 
have been published. One of the first examples of bi-component porous networks characterized by the 
presence of empty hexagonal pores was reported in 2003 by the groups of Beton, Champness and co-
workers.[91] They described the formation of hexagonal arrays by the co-deposition of the PBI 
derivative 54 and melamine 55 on a Ag(111) terminated silicon surface under UHV conditions.  
 
Figure 1.21 Schematic representation of the self-assembly process between PTCDI–melamine inducing the formation of the 
honeycomb network on surface. a) Chemical structure of PTCDI 54 and melamine 55. b) STM image of a PTCDI–melamine 
network at different magnifications. The inset of figure b) is an high resolution view of the Ag/Si (111) √3X√3R30°substrate 
surface.[91] 
As revealed by STM images (Figure 1.21b, c), the two molecular modules organize in such way that 
hexagonal domains are formed. In this system melamine and PTCDI modules were arranged to form 
Chapter 1 
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2,4,6-triamino-1,3,5-triazine (melamine) 2 on a Ag-terminated silicon surface under Ultra-High 
Vacuum (UHV) conditions. As shown by detailed STM images, the two molecular modules organise 
in such way that hexagonal domains are formed. The melamine and PTCDI modules constitute the 
vertices and the straight edges of the hexagonal domains, respectively (Figure 1). The self-assembly is 
driven by intermolecular triple hydrogen-bonding interactions that are established between the 
complementary units of the molecular components.  
 
 
 
Figure 1. Self-assembly of a PTCDI–melamine supramolecular network; a) chemical structure of PTCDI 1 and 
melamine 2; b) STM image of a PTCDI–melamine network (sample voltage –2 V, tunnel current 0.1 nA). Inset, 
high-resolution view of the Ag/Si(111)–√3 × √3R30º substrate surface; c) inverted contrast image (–2 V, 0.1 nA) 
of the network. Scale bar, 3 nm.[48] 
 
 Usually the molecules involved in the formation of the bi-dimensional arrays have defined 
recognition sites and their deposition on the surfaces leads to molecular recognition and auto-
organisation. Yet in some cases, the molecular recognition sites can be activated in situ in order to 
enable hydrogen-bonding interactions, which lead to the formation of highly stable molecular 
networks under UHV conditions as reported by Stöhr and co-workers.[51] In this work, the authors 
report the generation of a supramolecular network by the thermal dehydrogenation of 4,9-
diaminoperylene-quinone-3,10-diimine (DPDI) 3 on a Cu(111) surface (Figure 2). By thermal-induced 
activation, the molecular modules form porous networks via self-assembled H-bond donors/acceptors. 
The periodic honeycomb structure is commensurate with the Cu substrate and is thermally very stable 
(up to > 300 °C) as a consequence of an irreversible chemical transformation and the combination of 
intramolecular H-bonds and strong π-bonding between the organic molecules and the surface metal 
atoms. Due to its structural regularity and stability, the hexagonal cavities in the network hold great 
potential for the local deposition and fixation of guest molecules. This has recently been shown 
through the molecule-by-molecule deposition of optically active, weakly-bonded, supramolecular 
ZnOEP-C60 complexes.
[52] 
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the vertices and the straight edges of the hexagonal domains, respectively (Figure 1.21c), as a 
consequence of the self-assembly process induced by the instauration of triple H-bonds system 
between the recognition moieties of the molecular components.  
The self-assembly of organic molecules on surface guided by H-bonds interactions, most often 
involves the use of planar compounds equipped with rigid chemical functionalities to direct the self-
assembly in order to produce a two-dimensional system. However in a recent work of Linderoth and 
Besenbacher, the first example of an extended 2-D architecture formed by H-bond recognition 
between molecules that exhibit a pronounced three-dimensional structure has been reported.[92] After 
the deposition of the diamiotriazine functionalized (hexaphenyl)benzene derivative 56 on a Au(111) 
surface, the formation of both linear (1-D) and long range ordered 2-D supramolecular networks were 
observed by UHV-STM. The different arrangements derive from the combination of N-H···N bonds 
between the diaminotriazine (DAT) functional moieties of the single molecules. 
 
Figure 1.22 Chemical structure of the molecular lander 56 (a) and its respective space-filling model (b) (white: hydrogen, 
blue: nitrogen and cyano: carbon). STM images of three of the different bidimensional architecture obtained by the 
deposition of 56 on Au(111) (b-d). The representative molecular disposition in the supramolecular network is reported below 
each images (f-h) and the yellow circle are highlighting the different interactions between the DAT units of different 
molecules (marked as A, A’, B and B’). 
The most common approach for the preparation of 2-D systems with a controlled geometry consist 
into the deposition of molecular modules having a pre-defined recognition site able to induce the 
formation of the self-assembly process. Using a different approach, the groups of Stöhr and Gade 
exploited a molecular system in which the molecular recognition sites could be activated directly in 
situ enabling hydrogen-bonding interactions, which lead to the formation of highly stable molecular 
networks under UHV conditions.[93] The authors reported that by thermal dehydrogenation of 4,9-
diaminoperylene-quinone-3,10-diimine (DPDI) 57 on a Cu(111) surface (Figure 1.23a) the formation 
of a supramolecular network based on H-bond donor and acceptor was observed by UHV-STM 
analysis (Figure 1.23b). The resulting periodic honeycomb structure has revealed to be thermally very 
stable (up to > 300 °C) as a consequence of an irreversible chemical transformation and of the 
“Sideways” coupling similar to that presented in Figure
2e. The bond lengths and interaction angles of the hy-
drogen bonding are similar to the situation for the
single-dimer case. In addition to this intradimer interac-
tion (see the DAT groups of molecule A and A= in Fig-
ures 4d and 5d), the networks are further stabilized by
additional interdimer double N!H · · · N hydrogen
bonding to the DAT groups of t e nearest neighbor-
ing molecules, which are not involved in the intradimer
hydrogen bonding (see the DAT groups of molecule A
and B in Figure 4d; the DAT groups of molecule A and
B=, as well as A= and B in Figure 5d).
“Grid” and “Stripe” Structures. Large-scale and high-
resolution STM images of the “Grid” phase are de-
picted in Figure 6a,b, respectively. The molecules in
this phase app a in two different arrangements: some
(A-type) stack to form rows running along the direction
indicated by transparent blue rectangles in Figure 6a;
while the remaining molecules (B-type), indicated by
green rectangles, interconnect these rows. The associ-
ated model is shown in Figure 6c, where the Lander-
DAT molecules in the row-like structures are shown in
blue, while the molecules connecting the rows are
shown in green. Both A-type and B-type molecules are
aligned with their main axis along "11¯0# type directions
of the Au(111) substrate, hence, the angle between
them is 60°. The “Grid” phase has unit cell vectors of
|a| $ 20.8 % 1.0 Å and |b| $ 28.5 % 1.0 Å and an in-
cluded angle of 60°, yielding a density of 0.390 mol-
ecule per m2. Also, for this structure, an optimized
model with structural parameters (see Table 1) consis-
tent with the experimental values was obtained from
molecular mechanics calculations. The rows formed by
pairing of A-type molecules have a periodicity of 20.8 Å
and the molecules are arranged with their axis rotated
by less than 10° from the direction of the rows. This is in
a good agreement with the “Head-on” configuration
depicted in Figure 2g and clearly distinct from the ar-
rangement and intermolecular distances observed for
the 1-D chains and the “SM” and “FM” phases, which are
stabilized by “Sideways” coupling. A close-up view of
the calculated model is presented in Figure 6d, show-
ing the structural details of the interaction node involv-
ing four adjacent DAT groups. The molecules marked
Figure 5. “Four-Blade Mill” (“FM”) phase of Lander-DAT on Au(111). (a) Large-scale STM image with high-symmetry direc-
tions of the Au(111) substrate superimposed (It ! 0.50 nA, Vt ! 1250 mV). (b) High-resolution STM image (It ! 0.47 nA,
Vt ! 1250 mV), showing that the “FM” phase is composed of Lander-DAT dimers in two orientations normal to each other,
marked by the transparent rectangles in gre n and blue. (c) Model of the “FM” phase obtained by superimposing arefully
scaled space-filling model of Lander-DAT onto the STM image in (b). “Sideways” coupled DAT dimers in two orientations are
presented in pale blue and green, respectively. (d) Section of the theoretically calculated structure for the “FM” phase cen-
tered on the node indicated by the yellow ellipse in (c), showing the rotation of neighboring DAT groups for 3-D optimized in-
tradimer and interdimer hydrogen bonding interaction. Molecules marked A, A= correspond to the dimer in pale blue in
(c), while molecules marked B, B= correspond to the neighboring dimer in green.
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their main axis along !112¯" directions of the Au(111)
substrate, that is, the angle betweenmolecules in differ-
ent orientations is 60°. Notice that the indicated orien-
tation of the dimers is different from that of the indi-
vidual molecules in the dimers. As summarized in Table
1, the unit-cell vectors for the “SM” phase have lengths
of |a|# |b|# 36.4$ 1.0 Å, and the included angle is 60°,
giving a molecular density of 0.523 molecule per nm2.
The unit cell vectors for the “FM” phase have lengths f
|a| # |b| # 27.2 $ 1.0 Å and th included angle is 90°,
giving a density of 0.541 molecule per nm2.
Models for the “SM” and “FM” phases, obtai ed by
superimposing carefully scaled space-filling models of
Lander-DAT molecules onto the experimental STM im-
ages (e.g., Figures 4b and 5b), are illustrated in Figure 4c
and 5c, respectively. Colors are used to indicate the in-
dividual Lander-DAT dimers, and identical colors are
used for dimers in identical orientations. Starting from
these model configurations, molecular mechanics cal-
culations were performed for molecules adsorbed on
the unreconstructed Au(111) surface to optimizemolec-
ular orientations and conformational degrees of free-
dom with the aim to identify intermolecular interac-
tion motifs that may drive formation of the
experimentally observed structures. The unit cell pa-
rameters for the energy-minimized calculated struc-
tures, provided in Table 1, are consistent with the ex-
perimental values. Enlarged views of calculated
configurations for the “SM” and “FM” phases are pre-
sented in Figures 4d and 5d, respectively, centered on
the portion of the structures highlighted by yellow el-
lipses in Figures 4c and 5c, which constitute the most
interesting interaction nodes. In Figure 4d, the mol-
ecules marked A and A= correspond to the molecules
of the dimer indica ed by pale blue in Figure 4c, and the
molecule marked B corresponds to the closest mol-
ecule of the neighboring dimer indicated by green
color. Similarly, in Figure 5d, A, A= and B, B= correspond
to the dimers in pale blue and green in Figure 5c, re-
spectively. The close-up views of the calculated mod-
els in both cases display an intermolecular hydrogen
bonding network optimized in three dimensions: each
dimer is stabilized by double N%H · · · N hydrogen
bonds between rotated DAT moieties arranged in a
Figu e 4. “Six-Blade Mill” (“SM”) phase of Lander-DAT on Au(111). (a) Large-scale STM image with high-symmetry di-
rections of the Au(111) substrate indica ed (It ! 0.23 nA, Vt ! 1165 mV). (b) High-resolution STM image (It ! 0.24 nA,
Vt! 1165 mV), showing that the “SM” phase is composed f Lander-DAT dimers in three different orientations marked
by the transparent rectangles in white, green, and blue, with an angle of 60° between one another. (c) Model of “SM”
phase obtained by superimposing carefully scaled space-filling model of Lander-DAT onto the experimental STM im-
ages. DAT dimers in different orientations are presented in pale blue, green, and purple, respectively. (d) Section of
the theoretically calculated structure for the “SM” phase centered on the node highlighted by the yellow ellipse in (c).
Th rotation of neighboring DAT roups for 3-D optimized intradimer and interdimer hydrogen bonding interaction
is clearly visibl , where the molecules marked A, A= correspond to the dimer in pale blue and the molecule marked B
corresponds t the neighboring molecule in green in (c).
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their ain axis along !112¯" directions of the Au(111)
substrate, that is, the angle between olecules in differ-
ent orientations is 60°. Notice that the indicated orien-
tation of the dimers is different from that of the indi-
vidual molecules in the dimers. As summarized in Table
1, the unit-cell v ctors for the “SM” phase have lengths
of |a|# |b|# 36.4$ 1.0 Å, and the included angle is 60°,
giving a molecular density of 0.523 molecule per nm2.
The unit cell vectors for the “FM” phase have lengths f
| | # |b| # 27.2 $ 1.0 Å and the included angle is 90°,
giving a density of 0.541 molecule per nm2.
Models for the “SM” and “FM” phases, obtained by
superimposing carefully scaled space-filling models of
Lander-DAT molecules onto the experimental STM im-
ages (e.g., Figures 4b and 5b), are illustrated in Figure 4c
and 5c, respectively. Colors are used to indicate the in-
dividual Lander-DAT dimers, and identical colors are
used for dimers in i entical orientations. Starti g from
the e model confi urations, molecular mechanics cal-
culations were performed for molecules adsorbed on
the unreconstructed Au(111) surface to optimizemolec-
ular orientations and conformational degrees of free-
do with the aim to identify intermolecular interac-
tion otifs that may drive formation of the
experimentally observed structures. The unit cell pa-
rameters for the energy-minimized calculated struc-
tures, provided in Table 1, are consistent with the ex-
perimental values. Enlarged views of calculated
configurations for the “SM” and “FM” phases are pre-
sented in Figures 4d and 5d, respectively, centered on
the portion of the structures highlighted by yellow el-
lipses in Figures 4c and 5c, which constitute the most
interesting interaction nodes. In Figure 4d, the mol-
ecules marked A and A= correspond to the molecules
of the dimer indicated by pale blue in Figure 4c, and the
molecule marked B corresponds to the closest mol-
ecule of the neighboring dimer indicated by green
color. Similarly, in Figure 5d, A, A= and B, B= correspond
to the dimers in pale blue and green in Figure 5c, re-
spectively. The close-up views of the calculated mod-
els in both cases display an intermolecular hydrogen
bonding network optimized in three dimensions: each
dimer is stabilized by double N%H · · · N hydrogen
bonds between rotated DAT moieties arranged in a
Figure 4. “Six-Blade ill” (“S ”) phase of Lander-DAT on Au(111). (a) Large-scale STM image with high-sym etry di-
rections of the Au(111) substrate indicated (It 0.23 nA, Vt 1165 V). (b) High-resolution STM image (It ! 0.24 nA,
Vt! 1165 V), showing that the “S ” phase is co posed of Lander-DAT dimers in three different orientations marked
by the transparent rectangles in white, green, and blue, with an angle of 60° between one another. (c) Model of “SM”
phase obtained by superi posing carefully scaled space-filling odel of Lander-DAT onto the experimental STM im-
ages. DAT di ers in different orientations are presented in pale blue, green, and purple, respectively. (d) Section of
the theoretically calculated structure for the “SM” phas entered on the n de highlighted by the yellow ellipse in (c).
The rotation of neighboring DAT groups for 3-D optimized intradimer and interdimer hydrogen bonding interaction
is clearly visible, where the molecules marked A, A= correspond to the dimer in pale blue and the molecule marked B
corresponds to the neighboring molecule in green in (c).
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cell with vectors f |a| ! 17.0 " 0.5 Å and |b| ! 52.5 "
2.0 Å a d an included angle of 88°, yielding a density of
0.336 molecul p r nm2. Similar to the “Grid” phase,
the “Tran. A” phase is omposed of molecules in two ori-
ent tions: A-typ stacked into rows and B-type con-
nected sideways to th se rows (see Figure 8c). Both A-
and B-type molecules are aligned along #11¯0$ type di-
rections of the Au(111) surface. The structure can be ra-
tion liz d from “B-A-B” motifs consisting of one row of
A-type molecules surrounded by rows f B-type mol-
ecules. These motifs repeat to form the extended struc-
ture. The periodicity and orientation of the A-type mol-
ecules in the “Tran. A” phase suggests that they adopt
the “Sid wa s” arrang ment similar to that bserved for
he “Stripe” phase, ut different from the “Grid” phase,
where the rows were bas d on the less close-packed
“Head-on” coupling, As a consequence, the spacing be-
tween neighboring B-type mo ecules along the rows is
shorte than in the cas of the “Grid” phase. A closely re-
la ed “Transition” phase (“Tran. B”) i shown i Figur
8d, presenting an “A-B-A” sandwich tructure where
two rows f A-type molecul s j ined by “Sideways”
coupling ar held tog ther by B-type connectors. A
model bas d on the STM imag s is depicted in Figure
8e.
The MM4 calculations also in this case provide re-
laxed models with structural parameters in good agree-
m nt with the experimental results (See Table 1). An en-
larged view of the calculated model representative for
both the “Tran. A” and the “Tran. B” phases is presented
in Figure 8f. In the region highlighted by the yellow el-
lipse, the DAT groups of neighboring A and A= mol-
ecules are rotated to join in a “Sideways” coupling mo-
tif involving double hydrogen bonding. The B-type
molecules connect sideways to these interaction mo-
tifs by additional double hydrogen bonding. For the
“Tran. A” domain in Figure 8a,b, further hydrogen bond-
ing occurs between the DAT moieties on the B-type
molecules of two neighboring B-A-B motifs and also,
in this case, by “Sideways” coupling.
Lander-ND Adsorption Structure. To further elucidate the
ole played by the functional DAT moieties in the mo-
lecular self-assembly described above, we synthesized
and investigated a related compound, Lander-ND
(C58H62) f r comparison. Lander-ND has the same struc-
t as Lander-DAT except that the DAT groups are
missing as shown in Figure 9(a) and 9(b). A high-
resolution STM image of an individual Lander-ND mol-
ecule adsorbed on the Au(111) surface is displayed in
Figur 9(c), showing a morphology similar to that ob-
served for Lander-DAT (compare to Figure 1). A calcu-
lated STM image of a fully relaxed Lander- ND molecule
on the surface was obtained using the ESQC approach
and is shown in Figure 9(d). There is good quantitative
Figure 7. “Stripe” phase of Lander-DAT on Au(111). (a) Large-scale STM image of the “Stripe” phase (It ! 0.48 nA, Vt ! 1250
mV), showing close-packe parallel stripes of Lander-DAT. (b) High-resolution STM image of the “Stripe” phase (It! 0.48 nA,
Vt! 1250 mV). (c) Structural model obtained by superimposing carefully scaled space-filling model of Lander-DAT on the ex-
peri ental STM images. (d) Section of the theoretically calculated structure for the ‘Stripe’ phase centered on the node indi-
ca ed by yellow ellipses in (c), where double N"H · · · N hydrogen bonding occurs between themolecules marked A, A= and B,
B= as they undergo “Sid ways” coupling.
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cell with vectors of |a| ! 17.0 " 0.5 Å and |b| ! 52.5 "
2.0 Å a d an included angle of 88°, yielding a density of
0.336 molecule per nm2. Similar to the “Grid” phase,
the “Tran. A” phase is composed of molecules in two ori-
entations: A-type stacked into rows and B-type con-
n cted sideways t these rows (see Figure 8c). Both A-
and B-type molecules are aligned along #11¯0$ type di-
rections of the Au(111) surface. The structure can be ra-
tionalized from “B-A-B” motifs consisting of one row of
A-type molecules surrounded by rows of B-type mol-
ecules. These motifs repeat to form the extended struc-
ture. The periodicity and orientation of the A-type mol-
ecules in t e “Tran. A” phase suggests that they adopt
the “Sideways” arrangement similar to that observed for
the “Stripe” phase, but different from the “Grid” phase,
where the rows ere based on the less close-packed
“Hea -on” coupling, As a consequence, the spacing be-
tw en neig boring B-typ molecules a ong the rows is
shorter than in the case of the “Grid” phase. A closely re-
lated “Transition” phase (“Tran. B”) is shown in Figure
8d, presenting an “A-B-A” sandwich structure where
two rows of A-type molecules joined by “Sideways”
coupli g are held together by B-type connect rs. A
model based on the STM images is depicted in Figure
8e.
The MM4 calculations also in this case provide re-
laxed models with structural parameters in good agree-
ment with the experimental results (See Table 1). An en-
larged view of the calculated model representative for
both the “Tran. A” and the “Tran. B” phases is presented
in Figure 8f. In the region highlighted by the yellow el-
lipse, the DAT groups of neighboring A and A= mol-
ecules are rotated to join in a “Sideways” coupling mo-
tif involving double hydrogen bonding. The B-type
molecules connect sideways to these interaction mo-
tifs by additional double hydrogen bonding. For the
“Tran. A” domain in Figure 8a,b, further hydrogen bond-
ing occurs between the DAT moieties on the B-type
molecules of two neighboring B-A-B motifs and also,
in this case, by “Sideways” coupling.
Lander-ND Adsorption Structure. To further elucidate the
role played by the functional DAT moieties in the mo-
lecular self-assembly described above, we synthesized
and investigated a related compound, Lander-ND
(C58H62) for comparison. Lander-ND has the same struc-
ture as Lander-DAT except that the DAT groups are
missing as shown in Figure 9(a) and 9(b). A high-
resolution STM image of an individual Lander-ND mol-
ecule adsorbed on the Au(111) surface is displayed in
Figure 9(c), showing a morphology similar to that ob-
served for Lander-DAT (compare to Figure 1). A calcu-
lated STM image of a fully relaxed Lander- ND molecule
on the su face was obtained using the ESQC approach
and is shown in Figure 9(d). There is good quantitative
Figure 7. “Stripe” phase of nd r-DAT on Au(111). (a) Lar e- cale STM image of the “Stripe” phase (It ! 0.48 nA, Vt ! 1250
mV), showi g close-packed parallel stripes f Lander-DAT. (b) High-resolution STM image of the “Stripe” phase (It! 0.48 nA,
Vt! 1250 mV). (c) Structural model obtained by sup rimposing carefully scaled space-filling model of Lander-DAT on the ex-
perimenta STM mages. (d) Section of th theor tically calculate structure for the ‘Stripe’ phase centered on the node indi-
cated by yellow ellipses in (c), where double N"H · · · N hydrog bonding occurs between themolecules marked A, A= and B,
B= as they undergo “Sideways” coupling.
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complementary NH · · · N hydrogen bonding. A r lated
Lander molecule without DAT groups, Lander-ND, is
studied for comparison. By depositing Lander-DAT on
the inert, close-pack d Au(111) sur ace under ultrahigh
vacuum (UHV) conditions, we have achieved both 1-D
chains as well as five distinct long-range ordered 2-D su-
pramolecular networks and characterized these archi-
tectures using high-resolution STM. By comparing to
theoretical results obtained by STM image calculations
and molecular mechanics modeling, we find that he
observed 1-D and 2-D structures can be rationalized
through two types of intermolecular hydrogen bond-
ing coupling motifs. Most interestingly, these coupling
motifs involve pronounced 3-D optimization: The con-
formational flexibility allowed by the 3-D structure of
the Lander-DAT molecule enables the functional DAT
groups to rotate and optimize the intermolecular hy-
drogen bonding configurations in a way that would ot
have been possible in purely planar 2-D assembly. By
demonstrating the first examples for the growth of ex-
tended, complex, hydrogen-bonded supramolecular
surface assemblies of Lander molecules, we provide an
important step toward expanding bottom-up supra-
molecular synthesis on 2-D substrates towardmore spa-
tial 3-D assembly.
RESULTS AND DISCUSSION
STM Imaging of Individual Lander-DAT Molecules on Au(111).
The chemical structure and a space-filling model of
Lander-DAT (1,4-bis(4-(2,4-diaminotriazine)phenyl)-
2,3,5,6-tetrakis(4-tert-butylphenyl)benzene) is shown in
Figure 1a,b. The compound consists of a hexaphenyl
benzene (HPB) core with four tert-butyl groups as
spacer l gs and two dia in -triazin functi nal gr up
on opposite sides to nable the inter ol cul r hydr -
gen bo ding nte action. Figure 1c pr sen s a igh-
re lution STM i age of a s gle Lander-DAT molecul
adsorbed on a Au(111) surfac . The four brig t lob s
distributed in a rectangular shape (11.6 Å ! 6.7 Å) are
attributed to the four tert-butyl legs.24,27,32 The subpro-
trusio s i th c nter, whic have a small r apparent
brightness, are attributed to the hexa-phenyl rings,
similar to that observed earlier from a exa- ert-butyl-
x -phenyl-benzene (HB-HPB) molecul .33 Surpri -
i gly, however, there is no contrast n the STM image
appearing o origi ate from the two peripheral DAT
moieties.
To confirm this image interpretation and elucid te
why the DAT moieties are not visible in the STM im-
age, theoretical calculations were performed. First, mo-
lecular mecha ics calculations were used to establish
the conformation of an individual Lander-DAT molecule
on the surface. The bulky tert-butyl spacer groups raise
the central aromatic part of the Lander-DATmolecule to
an adsorption height of 4.5 Å; the two DAT groups are
not parallel to the surface plane but rotated by an angle
of about 30°. Thus, the closest and the furthest nitro-
gen atoms in the amino-groups are of 3.1 Å and 5.2 Å
above the surface plane respectively. Employing this
optimized Lander-DAT adsorption conformation, a cal-
culated STM image was obtained using the EHMO-ESQC
code under the same tunneling conditions as those
used in the experiment, where the bias voltage is lower
than the highest occupied molecular orbital (HOMO)-
lowest unoccupied molecular orbital (LUMO) gap of the
molecule. The calculated result, displayed in Figure 1d,
Figure 1. (a) Chemical structure of the Lander-DAT molecule (C64H68N10). (b) Corresponding space-filling model, where c r-
bon, hydrogen and nitrogen atoms are represented in cyan, white and blue, respectively. (c) A high-resolution STM image
of a sing e Lander-DAT molecule on a Au(111) surface (It ! 0.32 nA, Vt ! 1487 mV). (d) EHMO-ESQC lc lated imag of
Lander-DAT on Au(111) under the same tunneling conditio s as those used for the STM imag i (c). (e) EHMO-ESQC c lcu-
lated image of Lander-DAT at a positive bias vol age outsi e of he HOMO"LUMO gap, s owin a weak contrast centered on
the NH2moiety. (f) EHMO-ESQC calculated image of Lander-DAT corresponding to a resona ce clos to the vacuum l vel, giv-
ing a significant contribution on the triazine rings. For (e) and (f), a ball-and-stick model of Lander-DAT is superi posed to fa-
cilitate the attribution of the tunneling.
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combination of intramolecular H-bonds and strong π-bonding between the organic molecules and the 
surface metal atoms.  
 
Figure 1.23. a) Schematic representation of the hexagonal assembly of DPDI 57; b) STM image of the self-assembled 
architecture formed by 57 after thermal activation on a Cu(111) surface under UHV conditions.[93a] 
Exploiting the same approach, our group has investigated the controlled formation of a two-
component porous network at the solid–liquid formed using melamine 58 and the bis-uracyl module 
59 in 1,2,4-trichlorobenzene (TCB) on highly oriented pyrolytic graphite (HOPG) surfaces (Figure 
1.24a).[94] The structural characteristic of melamine, i.e its ability to form three H-bond systems 
oriented at 120° each one, directs the assembly of the network forming the resulting honeycomb 
structure. The porous network was formed only with low concentration solutions (≈ 2.0 µM) since at 
higher concentration (≈ 20 µM) only tightly packed monolayers of 58 were formed due to the 
competitive physisorbtion of the two molecules.  
By working at the sub-monolayer coverage (≈ 2.0 µM), it was possible also to investigate the 
formation of discrete polygonal assemblies featuring porous domain at the solid-liquid interface. In 
order to engineer these assemblies, two different molecular modules were exploited: the 
tetrakis[ethynilpyrene] derivative 60 and the diacetylaminopyridine derivative 61 bearing 
complementary triple H-bonds recognition sites (Figure 1.24b-g).[95] The discrete H-bonded assemblies 
were nucleated in solution and studied at very low-concentrated solutions (< 10 µm).  STM analysis 
showed the formation of hybrid-polygonal assemblies between 60 and 61, resulting in the formation of 
different type of self assembled cyclic oligomers characterized by rhomboidal and rectangular shape, 
formed as a consequence of the pre-programmed disposition of the H-bonds recognition moieties into 
the starting building blocks. Tacking into account the differences into the absorption energy of the 
single components and the tendency of this latter to minimize the occupied areas, the control of the 
deposition of two different molecules on a surface can be considered a very difficult task. This 
approach, preventing the competitive adsorption between the modules, can be considered a valuable 
route to the future engineering of multi-components nanostructures on surface. 
Introduction 
 4 
 
 
Figure 2. a) Schematic representation of the hexagonal assembly of DPDI 3; b) STM image of the self-assembled 
architecture formed by 3 after thermal activation on a Cu(111) surface under UHV conditions.[51]  
 
 Another approach to the formation of porous networks on surfaces is to use a biomimetic 
strategy. Liu et al. have described finite-size DNA arrays wherein the boundaries, and as a 
consequence the size of the array, can be defined an  controlled.[53] They constructed two types of 
networks using two different DNA ‘tiles’ beari g different symme ries, C2 and C4. Since both 
assemblies are similarly constructed, only the former will be discussed here. A 5 × 5 tile array was 
constructed using a total 25 DNA tiles bearing C2 symmetry (Figure 3). Only 13 unique tiles were 
required to form the assembly since several tiles could be used in multiple positions in the array. Each 
tile was 16.9 × 14.2 nm and consisted of 8 DNA helices joined together in a plane with two crossovers 
to connect to the adjacent helices (Figure 3a). The same core strand sequences were used in all the 13 
unique tiles; the only difference in the tiles were the sequences of the sticky ends emerging from the 
helical axis of the tiles. These were required for the specific inter-tile H-bonding interactions i.e., they 
acted as the pre-programmed instructions required for the self-assembly of the finite array. The arrays 
were constructed in a stepwise manner. The individual tiles were formed by cooling a stoichiometric 
mixture of the component DNA strands from 90 ºC to 40 ºC. The 13 tile  wer then mixed in the 
correct proporti ns t  form a single solution at 40 ºC, and upon cooling the solution to 10 ºC the arrays 
were formed. A sample of the solution was deposited onto a mica surface and was imaged by Atomic 
Force Microscopy (AFM) (Figure 3c, 3d). The total size of the array was 110 × 110 nm. 
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Figure 1.24. Molecular structures (a) of melamine 58 and bis-uracyl 59 modules and the formation of the hybrid assembly 
via hydrogen bonding.[94] Molecular structures of tetrakis[ethynilpyrene] derivative 60 (b) and of the diacetylaminopyridine 
derivative 61 (e). STM images (c,f and g) at different magnification of the supramolecular polygonal assemblies formed by 
60 and 61 at the HOPG-TCB interface. Model assembly (d) of a hexameric hybrid complex showing the distance values as 
estimated by MM2-based computational geometry optimization.[95] 
A further approach for the preparation of two-dimensional networks on surfaces take in account the 
exploitation of a biomimetic approach.[96] In this context, He and co-worker have used DNA to 
engineer an infinite 2D porous networkable to induce the formation of highly extended nanostructured 
arrays with a length that can arrive up to 1 mm (Figure 1.25).[97] The fundamental unit used for the 
preparation of the supramolecular network, was characterized by a three point star shape and was 
produced by the selective association of seven DNA single strands. In this case, palindromic 
sequences were used to ensure that the H-bonds interaction in all the direction would have the same 
strength. After the mixing of the DNA strands, in the appropriate proportions in a tris-acetic-EDTA-
Mg2+, the material was consequently deposited onto mica surface and AFM analysis of the surface 
showed the formation of extended, highly ordered, hexagonal 2D crystalline array characterized by 
pores diameters of 29 ± 0.1 nm. 
 
Figure 1.25 a) The three point star motif made up of seven DNA single strands; b,c) AFM images of the self- assembly 
showing the hexagonal porous network on a mica surface. 
The functions of the surface-supported supramolecular network produced by H-Bond recognition, has 
proved in these years to be not only correlate to the ability of these latter to act as a host-guest system 
for the ordered entrapment of molecules on surface. In a recent work of Borguet and co-worker, by 
STM investigation of the tetracarboxylporphyrin 62 on Au (111) in an acidic medium (HClO4 0.01 M), 
the formation of three different types of ordered 2-D arrays was observed as a consequence of the 
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phase and that the imaging of the heterogeneous phase is kinetically controlled. This kinetic control at 
low concentrations further extends the hypothesis that the 2D oligomeric species are created in 
solution and then directly transferred to the surface. 
 
 
 
Figure 10. a) Sub-molecularly resolved supramolecular aggregates featuring discrete oligomeric species. 
(99)m·(111)n prepared from diluted equimolar solutions. Yellow circle identifies a single molecule of tetra-
substituted 1,3,6,8-pyrene derivative 99 whilst red rectangle a single molecule of 111; b) model assembly of a 
hexameric hybrid complex (99)2·(111)4 showing the distance values as estimated by MM2-based computational 
geometry optimisation; c,d) heterogeneous 99·111 phase images highlighting the presence of rectangular and 
rhomboidal nanopolygons as consequence of complementary H-bonding. The inset in d) shows the underlying 
graphite. All STM constant current images where recorded at It = 20 pA and Ut = 400 mV. 
 
 Only when high-resolution images of the 99·111 heterogeneous phase (Figure 10) are obtained, 
modules 99 and 111 can be unequivocally assigned after close inspection. The images reveal several 
polygonal-like oligomeric species featuring hollow structures in line with the geometries shown in 
Figure 8. The high adsorption energies of the modules are also evidenced: polygons featuring large 
pore areas (Figure 10c) contain adsorbed molecules of 111. Pores featuring small areas appear empty 
of any solute molecule (Figure 10d). The structures of the supramolecular complexes are dictated by 
the pre-designed geometry of the constituting molecular modules. In particular, the structural 
fingerprints of the single modules can be easily discerned within the formed oligomers. Tetratopic-
pyrene 99 is imaged as a bright spot exposing four arms (yellow circles) whereas ditopic-linker 111 
features three aligned bright lob s (red rectangles). The form tion of polygonal assemblies composed 
by complementary molecules 99 and 111 indicates that the H-bonding interactions are established. 
However, STM image analysis revealed a low percentage of molecules forming the H-bonded 
Figure 4). Given the differenc in adsor tion energies of the
components and the tendency to minimise the occupied
area, it is usually very difficult to direct the deposition of
two different molecules on a surface. This approach allowed
the prevention of competitive adsorption. In this manner it
has been shown that the arrangement of the assemblies was
solely dictated by the information embedded within the mo-
lecular modules.
Another approach to the formation of porous networks
on surfaces is to use a biomimetic strategy.[55,56] The use of
DNA for the self-assembly of 2D crystals on surfaces stems
from the seminal work of Winfree and co-workers.[57] They
recognised that the specificity of the hydrogen-bonding in-
teractions of DNA!s Watson–Crick complementary base
pairs[58] would be suitable for the construction of nanostruc-
tures through self-assembly, hence “structural DNA nano-
technology”[59] was born. In their work, striped lattices were
produced on mica surf ces and were imaged by atomic force
microscopy (AFM). To construct the lattices, either two or
four individual DNA units (“tiles”) bearing “sticky” ends
were used in the self-assembly. The tiles were composed of
either three or four strands of DNA, each one carefully se-
quenced in order to form the desired tile upon self-assembly
in solution. Furthermore, the DNA sequences allowed for
the protrusion of short single-stranded DNA strands from
the tile, thus providing the so-called complementary sticky
ends, required for the self-asse bly of the tiles on the mica
surface to form the nanoscale lattices. During the years fol-
lowing their work, the field of structural DNA nanotechnol-
ogy grew, and by developing their ideas, more complex
nanostructures were constructed,[59] and also the level of
control that could be achieved was clearly demonstrated by
Rothemund[60] in his article about DNA origami. The devel-
opmen s also led to formation of 2D porous networks, and,
below, we have reported two recent examples.
Liu et al. have described finite-size DNA arrays in which
the boundaries, and as a consequence the size of the array,
can be defined and controlled.[61] They constructed two
types of networks using two different DNA tiles bearing dif-
ferent symmetries, C2 and C4. Since both assemblies are sim-
ilarly constructed, only the former will be discussed here. A
Figure 3. a) The molecular structures of melamine (2) and bis-uracyl (4)
modules and the formation of the hybrid assembly via hydrogen bonding.
b) STM images of the bicomponent self-assembly showing the hexagonal
porous network formed. c) Proposed assembly model is shown superim-
posed over the close up of a single hexagonal pore.[53] Adapted with per-
mission from The Royal Society of Chemistry. Copyright 2008.
Figure 4. a) Chemical structure of m lecules 5 and 6. b) Submolecularly
resolved supramolecular aggregates featuring discrete oligomeric species
[(5) m·(6)n] prepared from diluted equimolar solutions. c) Model assembly
of a hexameric hybrid complex [(5)2·(6)4] showing the distance values as
estimated by MM2-based computational geometry optimisation. d),
e) Heterogeneous 5·6 phase images highlighting the presence of rhomboi-
dal and rectangular nanopolygons, respectively, formed as a consequence
of complementary hydrogen-bonding motifs. Each circle identifies a
single molecule of 5 and each rectangle a single molecule of 6.[54] Adapt-
ed with permission from the American Ch mical Society. Copyright
2009.
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Figure 4). Given the difference in adsorption energies of the
components and the tendency to minimise the occup ed
area, it is usually very difficult to direct the deposition of
two different molecules on a surface. This approach allowed
the prevention of competitive adsorption. In this manner it
has been shown that the arrangement of the assemblies was
solely dictated by the information mbedd d within the mo-
lecular modules.
Another approach to the formation of porous networks
on surfaces is to use a biomimetic strategy.[55,56] The use of
DNA for the self-assembly of 2D crystals on surfaces stems
from the seminal work of Winfree and co-workers.[57] They
recognised that the specificity of the hydrogen-bonding in-
teractions of DNA!s Watson–Crick complementary base
pairs[58] would be suitable for the construction of nanostruc-
tures through self-assembly, hence “structural DNA nano-
technology”[59] was born. In their work, striped lattices were
produced on mica surfaces and were imaged by atomic force
microscopy (AFM). To construct the lattices, either two or
four individual DNA units (“tiles”) bearing “sticky” ends
were used in the self-assembly. The tiles were composed of
either three or four strands of DNA, each one carefully se-
quenced in order to form the desired tile upon self-assembly
in solution. Furthermore, the DNA sequences allowed for
the protrusion of short single-stranded DNA strands from
the tile, th s providing the so-call d co plementary sticky
nds, required for the self-assembly of the tiles on the mica
surface to form the nanoscale lattices. During the years fol-
lowing their work, the field of structural DNA nanotechnol-
ogy grew, and by developing their ideas, more complex
nanostructures were constructed,[59] and also the level of
control that could be achieved was clearly demonstrated by
Rothemund[60] in his article about DNA origami. The devel-
opments also led to formation of 2D porous networks, and,
below, we have reported two recent examples.
Liu et al. have described finite-size DNA arrays in which
the boundaries, and as a consequence the size of the array,
can be defined and controlled.[61] They constructed two
types of networks using two different DNA tiles bearing dif-
ferent symmetries, C2 and C4. Since both assemblies are sim-
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Figure 3. a) The 8-helix tile showing the crossover points; b) the array design utilising 13 unique tiles (each 
bearing different sticky ends) to form the 5 × 5 array in a predictable and cont ollabl  manner; c,d) AFM images of 
the 25 tile array.[53] 
 
 In contrast to the above example, He and co-workers have used DNA to construct non-finite 2D 
porous networks that can form extended arrays with domains s large as 1mm in l ngth.[54] The 
individual u its us d o or  the networks resembled a three-point star and were made up of seven 
DNA single strands (Figure ). At the pic s f the three-point star, palindromic sequ nces were used 
as the sticky ends. This was done to ensure that the H-bonding interactions between the units in all 
dir ctions would have equal strengths. The DNA strands were mixed in the appropriate proportions in 
 tris-acetic-EDTA-Mg2+ buffer and depo it d onto a mica surface. Upon stepwise cooling from 90 ºC 
t  4 ºC, xte ded, highly or ered, hexagonal 2D cryst llin  rrays e ulted as observed by AFM
investigation (Figu e 4b, 4c). The diameter of the pores observe  was of 29.9 ± 0.1 nm. 
 
 
 
F gure 4. a) The three poin  star motif m de up of seven DNA single strands; b,c) AFM images of the self-
assembly showing the hexagonal porous network on a mica surface. 
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instauration of multiple intermolecular H-bond interactions between the carboxylic moieties.[98] In this 
ordered systems, single molecules can be slowly reduced by tuning the potential of the underlying 
electrode, showing that the more negative the potential was, the faster the reduction reaction occurred 
(Figure 1.26b-e).  
 
Figure 1.26 Molecular structure (a) of the tetracarboxylporphyrin derivative 62. STM images (b-e) relatives to the slow 
reduction dynamic of 62 after that the potential was stepped from 0.12 to 0.1V (c=0.01M HClO4), revealed by the increase of 
the number of bright spots from b to e (50, 80 100 and 150 respectively).[98] 
These results, along with the possibility to organize the single electroactive molecules in a very 
efficient way, shed new light on the possibility to exploit the new generations of 2-D supramolecular 
networks for the productions of high performances solar cells or nanoelectronic devices.[99] 
 
1.7 H-Bond Discrete Nanostructures 
One of the principal target in the field of supramolecular nanostructuration of organic materials, 
consist in the possibility, through a strict control over the self-assembly process, to govern the relation 
between the size of the supramolecular object and the structural and geometrical information’s present 
in the single building blocks. In this context great importance is related to the possibility to control the 
number of the molecules that are associating in order to induce the formation of nanostructures 
characterized by an extremely precise dimension, and at the same time a relatively high 
monodispersity. In this paragraph the recent developments in the preparation of discrete nanostructure 
based on H-bonds interactions are reviewed. In the first section the formation of discrete assembly 
through a templated approach will be discussed, whereas in the second section the formation of 
discrete entity by a self-assembly/self-organization process of low molecular weight building blocks 
will be reviewed. 
 
1.7.1 H-bond Templated Nanostructures 
One of the most intuitive and at the same time effective approaches used for the preparation of 
supramolecular material featured with a controlled dimension, consist in the use of a template 
molecule, able to organize in precise fashion a finite number of building blocks, through the use of 
non-covalent interactions.[21] Due to the high directionality and complementariety of the H-bonds 
systems, this interaction is among the most useful to exploit for this task. For this task in general rigid 
linear molecules have been used in order to template in a monodisperse manner stacked 1-D 
nanostructures. In this context the group of Matile, exploiting a combination of H-bonds and aromatic 
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from Figure 4A-D. This reduction time scale is similar to that
previously reported for TPyP.43 When a more negative potential
was used, e.g., 0.0 V, the slow reduction process immediately
speeds up and brighter dots appear more quickly, as shown in
Figure 5. At a potential of 0.1 V (Figure 5A), an area largely
free of reduced TCPP was recorded. In the lower half of the
subsequent upward scan, shown in Figure 5B, only a few TCPP
molecules have been reduced (marked by white circles) because
of the slow reduction rate at 0.1 V. After the substrate potential
w s suddenly changed to 0.0 V (marked by white line in Figure
5B, arrow indicates the scanning direction), at least 50% of the
molecules immediately turned brighter in the rest upper part
image, implying the formation of reduced TCPP. All TCPP
molecules tend to turn brighter eventually as the experiment
proceeds.
Experiments were also carried out in 0.1 M and 1 M HClO4
solution in the same manner in order to investigate the [H+]
influence on the reduction of TCPP arrays. Similar phenomena
of slow surface reduction (at around -0.05 V) and acceleration
of reduction (at around-0.15 V) were observed in 0.1 M HClO4
as shown in a sequence of images of TCPP reduction (Figure
6A-C). However, a more negative initial reduction potential
is needed to start the reduction process in 0.1 M compared to
0.01 M HClO4. Here, the initial reduction potential is the
potential at which slow reduction is observed, determined by
the appearance of first several bright spots during slow scanning
(∼7 lines/s with a 512 × 512 image resolution). The reduction
potential was ∼0.15 V, more negative than the value in 0.01
M HClO4. In other words, the reduction happens faster in 0.01
M HClO4 than in 0.1 M HClO4 at the same reduction potential.
The same slow reduction process was observed in 1 M HClO4
solution as well, with the initial reduction potential changed to
even more negative value, around -0.15 V (Figure 7).
On the basis of the mechanism proposed by Wilson et al.,46
there are two steps involving three porphyrin forms in this two-
electron transfer process:
(1) A protonation and deprotonation reaction (PT) between
two oxidized forms P(0)H2 and P(0)H42+ (as defined in Figure
8).
(2) An electron-transfer (ET) process between an oxidized
form (either P(0)H42+ or P(0)H2) and a reduced form (P(-II)H4).
The ET step can happen via two possible channels, either
between P(0)H42+ and P(-II)H4 or between P(0)H2 and P(-II)H4,
Figure 3. (A) TCPP arrays (E ) 0.1 V, Etip ∼ -0.05 V, Itip ∼ 0.6 nA) in
0.01 M HClO4 including a domain with brighter molecules inside a region
marked by the white ellipse. (B) High resolution STM image (E ) 0.1 V,
Etip ∼ -0.05 V, Itip ∼ 0.6 nA) of the area enclosed in the white ellipse.
Red box and green box represent the oxidized TCPP and reduced TCPP,
respectively.
Figure 4. Slow reduction dynamics of TCPP after the potential was stepped
from 0.12 to 0.1 V in 0.01 M HClO4, (Etip∼-0.03 V, Itip∼ 0.6 nA) revealed
by an increasing number of brighter spots from A to D. (A) ∼50 bright,
(B) ∼80, (C) ∼100, (D) ∼150. (All images scanned upward.)
Figure 5. (A) TCPP arrays in 0.01 M HClO4 at a potential of E ) 0.1 V
(Etip ∼ -0.03 V, Itip ∼ 0.55 nA) without any reduced molecules. (B) Image
acquired after A. In the lower part of B, TCPP arrays at a potential of 0.1
V with only a few reduced TCPP (bright spots) marked by white circles
are observed. In the upper part of B, most molecules in the TCPP array
immediately become brighter after the potential change from 0.1 to 0.0 V
in the middle of the image (marked by white line, Etip ∼ -0.03 V, Itip ∼
0.55 nA).
Figure 6. (A) TCPP arrays in 0.1 M HClO4 at a potential of -0.05 V (Etip
∼ -0.03 V, Itip ∼ 0.55 nA) with several bright spots. (B) STM image after
A, showing a slow increase of the number of bright spots at a potential of
-0.05 V. (C) STM image after B: >50% of TCPP immediately become
brighter after the potential was stepped to -0.15 V. Arrows indicate the
scan directions. (The time separation between images is about 90 s.)
Figure 7. (A) TCPP arrays in 1 M HClO4 at a potential of E ) -0.05 V
(Etip ∼ -0.03 V, Itip ∼ 0.55 nA) without bright spots. (B) STM image
immediately after A, with several bright spots (marked by white circles)
induced by a potential step to -0.15 V.
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electron donor-acceptor interactions, was able to construct a supramolecular tubular nanostructure that 
could be exploited as synthetic ion channel, able to be opened in response to chemical stimulation.[100] 
 
Figure 1.27 Schematic representation (a) of the oligomeric template 63 used for the preparation of the artificial pores 
synthetized by Matile and co-workers. Schematic representation (b) of the H-bonds interactions (left) and aromatic donor-
acceptor interactions (right) occurring along the pore structure. Schematic depiction of the pore structure (c), red tiles 
represent the DAN units whereas the green one represent the NDI fragments. Axial (d) and top view (e) of the geometry 
optimized model of the supramolecular pore (DANS units are represented in red).[100] 
The rigid supramolecular template 63 were synthetized attaching to a rigid p-octyphenyl rod molecule, 
eight naphthalene diimide (NDI) derivatives functionalized with amidic functions, that acting through 
self-recognition mediated by a complex combination of H-bonds and π-π interactions induces the 
formation of a closed p-helix channel. The addition of an electron rich DAN derivative (figure 1.27 b 
left) resulted in the its intercalation between the aromatic planes defined by the NDI subunits, with a 
consequent structural change in the supramolecular architecture of the nanostructure corresponding to 
the formation of an open channel. This structural modification, leading to an external control of the 
opening of the supramolecular pore, was attributed to the formation of a charge transfer process 
between the NDI and the DAN units, able to induce the parallel disposition of their aromatic systems 
ad therefore the opening of the channel. 
The template approach based on H-bonds interactions has been also successfully exploited for the 
preparation of more complex discrete architectures such as the preparation of ladder-like or helix 
supramolecular nanostructures. In one of the first works, the group of Sada has reported the formation 
of a well defined ladder-like complex based on the H-bonds interactions between an oligomer having 
secondary dialkylammonium cations (constituting the rails of the ladder) and a porphyrin di-
functionalized with 2,6-Bis(2-oxazolyl)pyridine (PYBOX) moieties at the 5 and 15 meso positions 
(constituting the bars between the rails).[101] As a further development of this work, through the 
introduction of chiral PYBOX moieties on the porphyrin core, the synthesis of bis-PIBOX derivative 
64 was performed (Figure 1.28a).[102] After mixing chiral unit 64 with the polycationic oligomer 65, 
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In this report, we introduce aromatic electron donor-acceptor
interactions to construct synthetic ion channels that open in response
to chemical stimulation. The creation of synthetic ion channels and
pores from scaffolds that are not known to occur in nature is a
topic of increasing scientific concern.1-15 Since some years,
scientific attention is steadily shifting from unifunctional channels8
and pores toward “smart” supramolecular architecture that recog-
nizes nontrivial ions9 or specific characteristics of lipid bilayer
membranes, such as membrane potential,10 surface potential,
membrane composition, and stress.1 Synthetic multifunctional pores2
were introduced11 to combine molecular translocation with molec-
ular recognition11 and transformation12 for practical applications,
such as the detection of chemical reactions.13 Current research on
the use of not only synthetic1,2 but also bioengineered16,17 and
biological18 ion channels and pores as sensors focuses, however,
almost14 exclusively on blockage. Herein, the plum-colored charge-
transfer complexes formed by dialkoxynaphthalene (DAN) donors
and naphthalenediimide (NDI) acceptors, a classical motif in
supramolecular chemistry,19-22 are introduced to create synthetic
ion channels with a novel rigid-rod pi-stack architecture that open
rather than close in response to guest binding.
We felt that this conceptually new approach could provide access
to ligand gating for the following reasons (Figure 1). Self-assembly
of octakis(NDI)-p-octiphenyls 1 was expected to yield pi-helices
1nH rather than pi-barrels 1n because of the mismatched repeat
distances of stacked NDI hoops and rigid-rod p-octiphenyl staves.
Upon intercalation of DAN ligands 2 into their mismatched NDI
stacks, these closed ion channels 1nH were expected to undergo a
conformational change by a cooperative untwisting23 to give open
ion channels 1n•2m. Previously established design strategies were
applied in addition to promote cylindrical self-assembly into
supramolecular oligomers rather than linear self-assembly into
supramolecular polymers (nonplanar rigid-rod staves),2 to access
hollow higher oligomers rather than closed dimers (internal
crowding24 and internal charge repulsion;2 Figure 1A, blue), and
to orient pi-stacks25 (hydrogen-bonded chains between flanking
amides; Figure 1A and D, red). Geometry-minimized models 1n•2m
were in good agreement with these expectations. The hydrogen-
bonded chains lining the pi-stacks (Figure 1D, red arrows), for
example, were not disrupted by ligand intercalation.
Target molecules 1 and 2 were synthesized from commercial
starting materials in overall 13 and 2 steps, respectively (Figures 1
and 2). The NDI hoops were prepared by reacting amines 3 and 4
with dianhydride 5 followed by Z-deprotection of the obtained NDI
6 (Scheme 1). Coupling of the resulting amines 7 with the
carboxylic acids lining the scaffold of the previously reported12
p-octiphenyl 8 followed by hoop deprotection with TFA gave target
molecule 1. Structure and sample homogeneity were confirmed by
NMR spectroscopy, ESI mass spectrometry, and reverse-phase
HPLC.
Ligand gating was probed in EYPC-LUVs⊃HPTS (i.e., large
unilamellar vesicles composed of egg yolk phosphatidylcholine and
loaded with the pH-sensitive dye, 8-hydroxy-1,3,6-pyrenetrisul-
fonate). In this assay, the ratiometric changes in HPTS emission
are used to follow the collapse of an applied pH gradient by either
H+/M+ or OH-/A- antiport.26,27 As anticipated, neither rod 1 nor
ligand 2 were highly active (Figure 2Ad and Ae). Once mixed
together, however, they were active (Figure 2Aa). Dose response
Figure 1. Ligand-gated opening of notional rigid-rod pi-helix 1nH into ion channel 1n•2m by intercalation of DAN ligands 2 (red) into the mismatched NDI
hoops of transient pi-barrel 1nH with magnified views of (A) NDI-NDI stack highlighting internal crowding (blue) and H-bonded chains (red), and (B)
DAN-NDI CT complex. (C) Geometry-optimized model of 1n•2m, n ) 4, m ) 12, in side (top) and axial view (bottom); p-octiphenyls (dark green) and
DANs (red) are in ball-and-stick model, NDIs (light green) in wires, 50% amine protonation, 0% sulfate protonation, H omitted. (D) Detail of a minimized
model of 1n•2m with H-bonded chains (red, arrows, C cyan, H gray, N blue, O red, S y llow). All shown suprastructures are, in part, speculative simplifications
that are, however, consistent with experimental data (Figure 2)23,24,28 and molecular models (C and D); stoichiometries of supramolecules are unknown.
Published on Web 04/15/2005
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were in good agreement with these expectations. The hydrogen-
bonded chains lining the pi-stacks (Figure 1D, red arrows), for
example, were not disrupted by ligand intercalation.
Target molecules 1 and 2 were synt esized from commercial
starting materials in overall 13 and 2 steps, respectively (Figures 1
and 2). The NDI hoops were prepared by reacting amines 3 and 4
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6 (Scheme 1). Coupling of the resulting amines 7 with the
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p-octiphenyl 8 followed by hoop depr tection with TFA gave target
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Ligand gating was probed in EYPC-LUVs⊃HPTS (i.e., large
unilamellar vesicles composed of egg yolk phosphatidylcholine and
loaded with the pH-sensitive dye, 8-hydroxy-1,3,6-pyrenetrisul-
fonate). In this assay, the ratiometric changes in HPTS emission
are used to follow the collapse of an applied pH gradient by eith r
H+/M+ or OH-/A- antiport.26,27 As anticipated, neither rod 1 nor
ligand 2 were highly active (Figure 2Ad and Ae). Once mixed
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Figure 1. Ligand-gated opening of notional rigid-rod pi-helix 1nH into ion channel 1n•2m by intercalation of DAN ligands 2 (red) into the mismatched NDI
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the formation of helical nanostructure on HOPG surface was observed by AFM microscopy (figure 
1.28b). 
 
Figure 1.28 Molecular structures (a) of porphyrin derivative 64 (left) and of the polycationic oligomer 65 (right). TM-AFM 
image (b, left) of the helical nanostructures formed by the H-bonds mediated assembly between 64 and 65, and its schematic 
representation (right) black lines marks are used to highlight the step distance in the helix. Representative depiction (c) of the 
templated self-assembly process between 14 and the oligomeric derivative 15. d) CD (top) and UV-Vis titration spectra of 
molecule 64 with modules 65.[102] 
CD and UV-Vis analysis of the mixture of 64 and 65 gave a further confirmation of the helical 
structure of the templated assembly in solution. Indeed during titration experiments the positive 
Cotton observed by CD in the Soret band of 64 was completely reverted showing a decrease in the 
intensity (figure 1.28d). Such result confirmed the formation of an helical arrangements as a probable 
consequence of the twisted π-π stacked interactions between the single units of 64, due to the presence 
of the isopropyl groups on the oxazolyl rings. Another valid approach recently used for the preparation 
of H-bonds templated nanostructures take advantage from the biomimetic exploitation of oligomeric 
nucleic acids as linear organic templates. This approach was demonstrated for the first time by Iwaura 
et al.,[103] that was able to co-assemble thymidine functionalized OPV molecule, using a 
complementary oligo-adenylic eicosamer in aqueous solution. AFM analysis, in combination with CD 
and UV-Vis investigations showed the formation of helical stacked structures. Basing on these results, 
in a series of more recent works, the preparation of helical stacks formed of chromophoric conjugate 
molecules was attempted. The groups of Meijer and Schenning demonstrate that a single strand of 
DNA is able to template a supramolecular strand of chromophores yielding a new type of DNA hybrid 
(Figure 1.29a, b). In this type of hybrid constructs, an oligothymine unit was used to template via 
multiple H-bonds interactions the stack of different chromophores such as the naphthalene 65 or the 
OPV 66 derivatives, bearing a DAT units each as molecular recognition site.[104] The formation and the 
stability of the supramolecular constructs was monitored by variable temperature CD and UV-Vis 
spectroscopy showing that the binding of the chromophores to the ssDNA is completely reversible and 
ditions. Upon the addition of PTMI under the same conditions as
the UV titration, the positive Cotton effect of sP in the Soret band
was inverted to negative with a decrease in intensity. Such an inver-
sion was not observed during the addition of the monomeric 1N,
which exhibited a slight decrease in the intensity according to the
decreas in the UV absorption. Therefore, this negative Cotton effect
suggest d that the porphyrin rings aggregated to form supramo-
lecular assemblies in a helical fash on long the PTMI.14 The helical
aggregation of the porphyrin rings was caused by the twisted
orientation to remove the steric hindrance between the isopropyl
groups of sP. Consequently, a pair of PTMI seemed to construct
the double-stranded helix along the helical assemblies of sP.
Finally, the complex solution (0.67 mM in CHCl3-CH3CN at
2/1 (v/v)) was cast on a highly oriented pyrolitic graphite (HOPG)
substrate and subjected to atomic force microscopy (AFM) observa-
tions as shown in Figure 5. For the cast samples of PTMI and sP
alone, random molecular assemblies were observed. However, the
stoichiometric mixture of PTMI and sP yielded linear helical
assemblies. The height was ca. 2.3 nm, which was consistent with
the width of sP estimated by the molecular model. This suggests
that the helical assemblies were not bundled. More interestingly,
the averaged length was ca. 86 nm. This agreed well with the
estimated length of PTMI from the polymerization degree (ca. 62
nm in length estimated from the length of the repeating unit for
the averaged degree of polymerization; 130 mer). These results
suggest that the linear helical supramolecular assemblies observed
by AFM correspond to the supramolecular complex of the sP-
PTMI. It is understood, therefore, that the complexation of PTMI
and sP provides the double-stranded helix.
In conclusion, we demonstrated that the chirality of sP twisted
the supramolecular ladder of PTMI-sP complex to yield the
double-stranded helix of PTMI. It is regarded as the secondary
structure of PTMI induced by sP. This is a quite rare example of
controlling the secondary structure of the common organic synthetic
polymers that generally forms a random coil in solution.16 Variations
in the numbers of the binding sites and the size of the bridging
groups would provide the multistranded helices with various
diameters and pitches. Since a large number of organogelators are
known to form helical fibrous aggregates,17 they have the potential
to be cores of such helical structures by association with polymers.
Finally, the close-packed stacking of the bridging groups in the
core is quite interesting as the method to place functional groups
in a one-dimensional array toward nanowires wrapped by the
polymers. Therefore, we believe that this strategy would be a
powerful tool for the construction of multistranded helices and well-
ordered one-dimensional supramolecular assemblies.
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Figure 4. CD spectral changes of sP (100 µM) upon addition of (a) PTMI
(0∼700 µM), (b) 1N (0∼1.4 mM) in CHCl3/CH3CN (40:1) at 25 °C; sP
only (blue line); [PTMI]/[sP] ) 7, [1N]/[sP] ) 14 (red line).
Figure 5. (a) AFM images of sP-PTMI complex deposited from solution
of CHCl3/CH3CN) 2:1 onto HOPG; (b) histogram analysis of the longitude
of double-helices structure from the AFM image; (c) CPK model of a
double-helix structure of the sP-PTMI complex (PTMI, in green).
C O M M U N I C A T I O N S
J. AM. CHEM. SOC. 9 VOL. 129, NO. 2, 2007 271
A Double-Stranded Helix by Complexation of Two Polymer Chains with a
Helical Supramolecular Assembly
Takahiro Sugimoto,† Takayuki Suzuki,† Seiji Shinkai,†,‡ and Kazuki Sada*,†
Department of Chemistry and Biochemistry and Center for Future Chemistry, Graduate School of Engineering,
Kyushu UniVersity, 744 Motooka, Nishi-ku, Fukuoka 819-039, Japan
Received October 30, 2006; E-mail: sadatcm@mbox.nc.kyushu-u.ac.jp
Multistranded helices are ubiquitous in nature, such as polypep-
tides,1 DNA,2 and polysaccharides.3 They have been fascinating
chemists for many years because of their beautiful three-dimensional
structures and functions as entities of biological information, basic
structural motifs for proteins, and structural materials in living sys-
tems.4 With respect to the fruitful functions related to their struc-
tures, folding into multistranded helices of synthetic polymers and
oligomers is still one of the synthetic challenges in organic, inor-
ganic, and supramolecular chemistries. The most facile approach
is complementary complexation of a few oligomers or polymers
that have both the controlled helical molecular shapes and the mu-
tual recognition sites between the two oligomers or polymers to
from multistranded helices such as metal helicates,5 DNA ana-
logues,6 aromatic amides foldermers,6 crescent-shape m-terphenyl
oligomers,8,9 and covalently cross-linked synthetic polymers.10
However, these molecular designs, except the DNA analogues, are
so complex that extension to polymeric double helices toward
nanodevices and structural materials is not so easy. Thus, a new
strategy for constructing the multistranded helices using a wide
range of synthetic polymers has been awaited. Herein, we report
construction of a double-stranded helix by twisting a polymeric
supramolecular ladder as shown in Figure 1. To our best knowledge,
this is the first report on the formation of a double helix composed
of achiral synthetic organic polymers.
We previously demonstrated the well-defined supramolecular
ladders constructed by complexation between the oligomers having
two or three secondary dialkylammonium cations as the rails for
the ladder and BisPYBOX (2,6-bis(2-oxazolyl)pyridine (PYBOX))
ligands, dimers of PYBOX bridged by a porphyrin ring, as the bars
for the ladder.11 The stable supramolecular ladder was ascribed to
stacking of the bridging porphyrins in the BisPYBOX ligands and
the complementary hydrogen bonds between two nitrogen atoms
of the PYBOX and two protons of the secondary dialkylammon-
ium cation.12 More recently, we demonstrated the supramolecular
organogel of poly(trimethylene iminium) (PTMI), a linear polymer
with one secondary ammonium cation in the repeating unit, cross-
linked by the BisPYBOX ligands.13 These results prompted us to
construct a double-stranded helix by introducing chiral and bulky
units into the BisPYBOX ligand that is expected to twist the supra-
molecular ladder by steric repulsion. The porphyrin was used owing
to its ability of self-aggregation and as a detector function of the
supramolecular assembly and chirality.14 The C2 chiral BisPYBOX
ligand (sP) was prepared according to the method previously re-
ported.11 First of all, we investigated the formation of the supramo-
lecular ladder between sP and PTMI by UV-vis absorption
spectroscopy in chloroform-acetonitrile (40/1, v/v), as shown in
Figure 3. This solvent mixture had high solubility for the sP-PTMI
complex and did not interfere with the complexation. The addition
of PTMI provided a drastic decrease in the Soret band at 455 nm
and induced no apparent shift in the absorption maximum. The
decrease in the absorption is attributed to the stacking of the porphy-
rin ring o sP in the esence of PTMI.11,15 On the other han ,
the addition of 1N as a monomeric reference induced a slight de-
crease in the absorption accompanied by a red-shift of the Soret
band (458 nm). Moreover, the titration curve was saturated at a
nearly 2:1 ratio of the concentration of the secondary ammonium
cation unit in PTMI to that of sP, suggesting that the stoichiometric
amount of PYBOX sites was complexed with the secondary
ammonium sites in PTMI. The results strongly suggest formation
of the supramolecular ladders by complexation of sP and PTMI.
To reveal the three-dimensional structure and supramolecular
chirality, we investigated the CD spectral changes of sP induced
by PTMI, as shown in Figure 4. Without PTMI, sP exhibited a
positive Cotton effect in the Soret band. This Cotton effect should
be ascribed to dipole coupling between the porphyrin ring and chiral
PYBOX ligands at the terminals through the acetylene groups but
not y inducing the CD by the aggregation of sP. This was con-
firmed by the linearity in the Lambert-Beer plot under these con-
† Department of Chemistry and Biochemistry.
‡ Center for Future Chemistry.
Figure 1. Schematic illustration of the strategy for the construction of the
artificial double-helix.
Figure 2. Chemical structure of sP, PTMI, and 1N.
Figure 3. UV spectral changes of sP (100 µM) upon addition of (a) PTMI
(0∼600 µM), (b) 1N (0∼1.07 mM) in CHCl3/CH3CN (40:1) at 25 °C; (inset)
plots of the absorption changes at 455 nm.
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Figure 1. Schematic illustration of the strategy for the construction of the
artificial double-helix.
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ditions. Upon the addition of PTMI under the same conditions as
the UV titration, the positive Cotton effect of sP in the Soret band
was inverted to negative with a decrease in intensity. Such an inver-
sion was not observed during the addition of the monomeric 1N,
which exhibited a slight decrease in the intensity according to the
decrease in the UV absorption. Therefore, this negative Cotton effect
suggested that the porphyrin rings aggregated to form supramo-
lecular assemblies in a helical fashion along the PTMI.14 The helical
aggregation of the porphyrin rings was caused by the twisted
rientation to remove the teric hindrance between the isopropyl
groups of sP. Consequently, a pair of PTMI seemed to construct
the double-stranded helix along the helical asse blies of sP.
Finally, the complex solution (0.67 mM in CHCl3-CH3CN at
2/1 (v/v)) was cast on a highly oriented pyrolitic graphite (HOPG)
substrate and subjected to atomic force microscopy (AFM) observa-
tions as shown in Figure 5. For the cast samples of PTMI and sP
alone, random molecular assemblies were observed. However, the
stoichiometric mixture of PTMI and sP yielded linear helical
assemblies. The height was ca. 2.3 nm, which was consistent with
the width of sP estimated by the molecular model. This suggests
that the helical assemblies were not bundled. More interestingly,
the averaged length was ca. 86 nm. This agreed well with the
estimated length of PTMI from the polymerization degree (ca. 62
nm in length estimated from the length of the repeating unit for
the averaged degree of polymerization; 130 mer). These results
suggest that the linear helical supramolecular assemblies observed
by AFM correspond to the supramolecular complex of the sP-
PTMI. It is understood, therefore, that the complexation of PTMI
and sP provides the double-stranded helix.
In conclusion, we demonstrated that the chirality of sP twisted
the supramolecular ladder of PTMI-sP complex to yield the
double-stranded helix of PTMI. It is regarded as the secondary
structure of PTMI induced by sP. This is a quite rare example of
controlling the secondary structure of the common organic synthetic
polymers that generally forms a random coil in solution.16 Variations
in the numbers of the binding sites and the size of the bridging
groups would provide the multistranded helices with various
diameters and pitches. Since a large number of organogelators are
known to form helical fibrous aggregates,17 they have the potential
to be cores of such helical structures by association with polymers.
Finally, the close-packed stacking of the bridging groups in the
core is quite interesting as the method to place functional groups
in a one-dimensional array toward nanowires wrapped by the
polymers. Therefore, we believe that this strategy would be a
powerful tool for the construction of multistranded helices and well-
ordered one-dimensional supramolecular assemblies.
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Figur 4. CD spectral changes of sP (100 µM) upon addition of (a) PTMI
(0∼700 µM), (b) 1N (0∼1.4 mM) in CHCl3/CH3CN (40:1) at 25 °C; sP
only (blue line); [PTMI]/[sP] ) 7, [1N]/[sP] ) 14 (red line).
Figur 5. (a) AFM images of sP-PTMI complex deposited from solution
of CHCl3/CH3CN) 2:1 onto HOPG; (b) histogram analysis of the longitude
of double-helices structure from the AFM image; (c) CPK model of a
double-helix structure of the sP-PTMI complex (PTMI, in green).
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the formation of the helical stack follow a nucleation-growth mechanism.[105] 
 
Figure 1.29 Molecular structures (a) of the naphthalene derivative 66 and of the OPV derivative 67 used by Meijer and 
Shenning for the preparation of the H-bond templated chromophoric stacks.[104] Schematic representation of the assembly 
process between the oligothymine single strand and the DAT functionalized chromophores inducing the formation of the 
helical stacks. Molecular structure (c) of the adenosine derivative 68 and of its N-3 protonated species (c) responsible for the 
pH dependent chirality inversion of the helical stack. Schematic representation (e) of the pH dependent handness inversion of 
the helical chromophores stack.[106] 
As a further development of this work, in 2009 the group of Schenning developed a new type of 
chromophore able to respond to pH variation. Diamino-purine derivative 68 (Figure 1.29c) was 
synthesized and its ability to reversibly associate with an oligothymine template was investigated in 
solution by means of CD and UV-Vis spectroscopy.[106] Also in this case, both techniques confirmed 
the reversible association process forming right-handed supramolecular helics between the 
oligothymine strand and achiral guest 68. Remarkably, by changing the pH from 8 to 2, the CD 
spectra showed a complete inversion of the Cotton effect proper of the right handed helix, highlighting 
in this way the passage from a right handed to a left handed helix. The pH dependent chirality 
inversion was hypothesizing to be related to the protonation of the N-3 position of the diamino-purine 
moieties of 68. This phenomenon can be responsible for the change of conformation of the 
polyethilenoxy chains present on the purine fragment that, due to electrostatic interactions, can induce 
a conformational rearrangement of 68 (Figure 1.29d) responsible for the stabilization of the left-
handed helix. 
 
1.7.2 H-Bonded Nanostructures of Low Weight Molecular Modules 
The self-assembly process of low molecular weight building blocks into discrete supramolecular 
entities is considered nowadays one of the most interesting field of nanotechnology. The variety of 
supramolecular nanostructures achieved through this approach is growing extremely fast in the last 
years as the different method employed for their preparation. Focusing on the use of H-bonds as 
principal non-covalent interactions for the preparation of discrete nanostructure deserves particular 
attention was the one of H-bonded supramolecular nanoparticle and nanovesicles. In this context, the 
work performed by Reinhoudt on melamine functionalized calix[4]arene represent one of the first key 
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DNA is a promising building block to organize molecules in a
“bottom-up” approach for construction of functional nanosized
objects.1,2 For example, organic molecules have been covalently
attached to DNA for a precise nanoscale organization of chro-
mophores.3 Noncovalent approaches such as intercalation and
groove binding have also been reported,4 while discrete metal arrays
in artificial DNA were recently constructed by using metal-ligand
interactions.5 We have similarly organized chromophores by
sandwiching them between two strands of oligoadenine (dAn) via
hydrogen bonding.6 We now demonstrate an approach where only
a single strand of DNA templates a supramolecular strand of
chromophores, yielding a new type of DNA hybrid.7 In this hybrid
construct, an oligothymine (dTn, n ) number of thymines) is used
as the template to which a supramolecular stack of chromophores
is hydrogen-bonded via the complementary diamino triazine unit.
We report that, in case of dT40, 40 naphthalenes (NT) can be bound
and show that this approach can be extended to organize a
pi-conjugated oligo(p-phenylene)vinylene (OPVT) (Scheme 1).
The two chromophores have been synthesized analogously to
alkyl equipped derivatives8 and have been fully characterized.9
OPVT and NT are both molecularly dissolved in chloroform, giving
absorption maxima at λ ) 403 and 315 nm, respectively. Concen-
tration-dependent UV-vis measurements show that NT is molecu-
larly dissolved in water up to a concentration of 0.6 mM (Figure
2b). OPVT is aggregated at 5 µM, indicated by the blue shift in
absorption to 390 nm and a red-shifted, quenched photolumines-
cence. Remarkably, aggregates of chiral OPVT do not possess
preferred helical order, concluded from the lack of Cotton effect
in the circular dichroism (CD) spectra.
We first studied the complexation and the stoichiometry between
NT and dT40. When NT is add d to dT40, the absorption spectra
of NT revealed a red shift from 311 to 318 nm at 268 K (Figure
1b). In addition, CD spectroscopy (Figure 1a) shows an induced
positive bisignate Cotton effect with a positive maximum at 269
nm and a negative maximum at 244 nm with the zero-crossing at
λmax ) 258 nm. In the region where only the achiral NT absorbs,
a positive Cotton effect is present with the maximum at 327 nm,
showing that NT binds to dT40 and that the chirality present in
the te plate is expressed in the supramolecular organization of the
NTs.10 Titration experiments at 263 K show that the absorption
changes before the CD intensity increases, suggesting that the helical
organization of NT occurs at a later stage than the binding to dT40
(Figure 1c). The Job plot performed at 263 K clearly shows that
each NT binds to one thymine (Figure 1d).11
With electrospray ionization mass spectrometry (ESI-MS), we
were not able to detect the NT-dT40 complexes since the detected
signals could not be deconvoluted and therefore could not be
assigned. Complexes of dT10 and a number of NT molecules have
been detected (Figure 1e). The deconvoluted mass spectrum shows
dT10 (MdT40 ) 2978.5 g/mol) with 2-11 NT molecules (443.2
g/mol) bound, showing that the supramolecular complex dis-
assembles under these mild conditions. The formation of nano-
droplets could cause the formation of dT10-NT complexes with
more than 10 NT molecules.
The formation and the stability of the NT-dT40 complex was
monitored with temperature-dependent UV and CD spectroscopy
measurements by cooling at 6 K/h (Figure 1f). Binding of NT to
dT40 is fully reversible, and the shape of the curves indicates a
nucleation growth mechanism.12,13 NT first binds to dT40 (absorp-
tion at 269 nm) before NT is organized in a helical fashion (CD
intensity at 269 nm).
When dT40 is replaced with the noncomplementary strand dA40,
no Cotton effect is present above 300 nm, which demonstrates that
NT binds specifically to dT40. In an exchange experiment where
an equivalent amount of dA40 is added to the dT40-NT complex,
the Cotton effect above 300 nm disappears and the CD spectrum
of dT40-dA40 arises, meaning that the stack of NT is replaced
by dA40 (Figure 2a). This suggests that binding occurs via hydrogen
bonding and that the dT40-NT complex is less stable than dT40-
dA40.
Concentration-dependent UV and CD measurements of the NT-
dT40 (40:1) complex show a linear relationship at low concentra-
tions ([NT] < 0.6 mM) between the ln[NT] and Te-1 (temperature
at which the elongation starts), yielding an enthalpy ∆He ) -68
kJ/mol (Figure 2b). A similar linear relation has been found for
dsDNA.14 At high concentrations ([NT] > 0.6 mM), the Te deviates
from the straight line because NT itself a ready aggregates, showing
a linear relationship between the ln[NT] and Te-1, with a ∆He )
-26 kJ/mol (Figure 2b).
In order to create functional materials, we also studied binding
of OPVT with dTn. Complexes of OPVT (0.27 mM) with dT40
showed a Cotton effect above 300 nm, which is not present in the
absence of dT40 (Figure 3a). The positive Cotton effect at high
Scheme 1a
a Schematic representation of ssDNA templated self-assembly of chro-
mophores (black strand, ssDNA; blue bar, chromophores; red bar, hydrogen-
bonding unit) and molecular structures of dTn, NT and OPVT.
Published on Web 04/21/2007
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example of formation of discrete nano-objects through H-bonds interactions.[107] Upon mixing three 
equivalents of calix[4]arene derivative 69 with six equivalent of merocyanine dye 70, the formation of 
an assembly comprised of two coplanar chiral rosettes was obtained (Figure 1.30a). The assembly of 
the whole structure is induced by the highly cooperative action of thirty-six H-bonds formed between 
the melamine and the barbiturate moieties. Another strategy for the preparation of supramolecular 
systems featuring spherical geometries consist into the exploitation of molecular modules capable to 
assemble by a delicate combination of H-bonds and π-π interactions. In the last years, the group of 
Ajayaghosh has used this principle to direct the self-assembly of OPE derivatives into the formation of 
spherical nanoparticles.[108] For this task, two OPE derivatives 71 and 72, bearing at their termini 
hydroxy and methyl groups respectively, were synthesized (Figure 1.30b).  
-Vis spectra of a solution of 71 in CHCl3 showed a strong π-π* absorption band at 377 nm, that led to 
red-shifted bands at 385 and  419 nm, whereas no considerable differences were noticeable in the case 
of derivative 72. These changes in the absorption spectra of compound 71 are attribute to the 
formation of J-type aggregates due to the formation of intermolecular H-bonds. TM-AFM and HR-
TEM investigations of a decane solution (1x 10-6 M) of derivative 71, showed the formation of highly 
mono-dispersed nanoparticles provided with spherical geometry and a vesicular structure (Figure 
1.30c-f). 
 
 
Figure 1.30 Self-assembly process (a) between calix[4]arene derivative 69, and the merocyanine 70, producing a 
supramolecular discrete nonameric complex.[107] Molecular structures (b) of the OPE derivatives 71 and 72 and TM-AFM 
image (c) and HR-TEM image (inset) of the spherical nanoparticles obtained by the H-bond mediated self-assembly of 71. 
Schematic representation (f) of the interconversion mechanism between nanoparticles and gel structure. SEM images of the 
gel produced by OPE derivative 71 in decane. Photograph of the gel in decane (f) under UV illumination (365 nm).[108] 
Most remarkably, AFM images at higher concentration (1 x 10-5 M) showed higher tendency of this 
vesicles to agglomerate and fuse, until the formation of a self-supporting gel with a strong blue 
fluorescence (λmax=443 nm) is obtained at 3.4 x 10-3 M, due to the transformation of the spherical 
a)#
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stability toward concentration or temperature changes
and maintained their structural integrity when deposited
on graphitic or mica substrates.87 In solution, the octa-
meric complexes displayed negative Cotton effects, batho-
chromic shifts, and, interestingly, an enhancement of the
fluorescence emission intensity. These features are also
characteristic of larger organic nanoparticles (>25 nm),
typically produced by reprecipitation methods,96 that
show size-dependent emission quantum yields. The
G-quadruplex-mediated self-assembly hence constitutes
an efficient and, in principle, general strategy to organize
chromophores into small monodisperse nanoparticles
whose structure persists in different conditions, that is,
in diluted solutions, dried on solid substrates, and so
forth, without dissociation or further polymerization.
3.2. H-Bonded Templated Nanofibers. The search for a
control over the length and the relative positioning97 of
pi-conjugated molecules in fibrilar architectures, in order
to have monodisperse, well-defined objects whose prop-
erties relate to their finite size and internal sequence of
chromophores, is a highly interesting area of research.
This is a challenging task that cannot rely on pi-pi stacking
or solvophobic interactions as the sole supramolecular
forces but that also requires directional (i.e., H-bonding)
interactions to guide the self-assembly of the pi-conjugated
dyes. Several approaches toward this goal have already
been pursued, among which the use of well-defined tem-
plates is probably the most successful.
In 2007, Sugimoto et al. reported on the templated self-
assembly of porphyrin dyes (25) into chiral double stra ded
helices (Figure 6a).98 The template molecules, poly(dialkyl-
ammonium) strands of about 130 monomeric units (26),98b
were able to recognize by double H-bonding the 2,6-bis(2-
oxazolyl)pyridine liga ds connected to the porphyrinmacro-
cycle atopposite sides.AFMstudies confirmed the formation
of linear helical assemblies with fairly reduced polydispersity
whose height (ca. 2.3 nm) and average length (ca. 86 nm) was
consistent with the templated structure expected.
In terms of synthetic versatility and simplicity, DNAor
PNA oligomers enjoy several attributes that make them
the ideal candidates as templates f linear helical assem-
blies: (i) they are commercially available in a defined
length and sequenc of nucleobases, (ii) they c n be made
soluble in water (DNA) or in organic solvents (PNA),
(iii) the nucleotides can be synthetically modified with
pi-conjugated molecules and incorporated to the tailored
oligomeric strands using solid-phase automated meth-
odologies, (iv) the array of nucleobases in each strand can
specifically recognize molecules having complementary
H-bonding patterns and bind them in a chiral, pi-pi
stacked arrangement, and (v) DNA can be used to create
predefined complex one-, two- and three-dimensional
nanosized structures via sticky-end cohesion.
The generation of covalently functionalized nucleic
acids, in which the H-bonded duplex DNA is used as a
supramolecular scaffold to arrange multiple chromo-
phores, is a research topic of increasing interest.99 The
general idea is to prepare dye-modified nucleotide ana-
logues and incorporate them into longer oligomeric
sequences so that, once the double helix is formed upon
addition of the complementary sequence, the dyes inter-
act with each other in a controllable and predetermined
fashion.Azobenzene,100 pyrene,101 phenanthrene,102 PBI,103
OT,104 or Pp105 dyes have been employed for this purpose.
Instead of the natural nucleosides, acyclic linkers can be
Figure 5. (a) Schematic representation and molecular structure of
bismelamine-calix[4]arene 21, merocyanine dye 22, and their nine-com-
ponent H-bonded assembly (21)3-(22)6. (b) Schematic representation of
the equilibrium between G-ribbons, G-quartets, and, in the presence of
alkaline salts, G-octamers of guanosine-OT 23 or guanosine-OPV 24.
In the case of 23, G-ribbons are observed by STM onto HOPG surfaces.
For 24, emptyG-quartets are instead formed, as shown in the STMimage.
In the presence of potassium salts, both compounds form octameric
nanoparticles that have been visualized for 24 by AFM on mica or
graphite substrates. Adapted from: (a) ref 84 with permission from the
NationalAcademyofSciences and (b) ref 70with the permissionofWiley-
VCH and ref 89c with permission from the American Chemical Society.
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The self-assembly of linear p-conjugated molecules to form
nanoarchitectures of different morphologies is important in
various fields of nanoscience and technology, particularly in
the emerging field of supramolecular electronics.[1, 2] In this
context, oligo(p-phenyleneethyny-
lene)s (OPEs), a class of conjugated
molecules often referred as “molec-
ular wires” has attracted much
attention, particularly for the
design of molecular electronic devi-
ces.[3] Although meta- and para-
linked oligo- and poly(p-phenyl-
eneethynylene)s (PPEs) are known
to form solvophobically induced
assemblies in solvent mixtures of
different polarities,[4–6] the creation
of stable supramolecular self-
assemblies of short OPEs with dif-
ferent shapes and sizes from a single
solvent of choice continues to be
challenging. Herein, we report an
unprecedented hierarchical self-
assembly of a short OPE into nano-
particles, microspheres, and super-
structures of different size and mor-
phology that eventually result in
stable blue-light emitting organo-
gels.
Alhough the design of organic nanoparticles of small
molecules[7, 8] and polymers[9] are known, linearly conjugated
oligomers are only rarely exploited for this purpose; however,
a few reports have been published recently.[10] p-Extended
molecules preferably self-assemble, with a few excepti-
ons,[10a,d,g] to form elongated structures; for example, the
self-assembly of oligo(p-phenylenevinylene)s (OPVs) results
in the formation of supramolecular tapes and helices.[11,12] We
have now targeted OPEs, the dehydrogenated analogues of
OPVs in an attempt to understand the self-assembly process-
es of conjugated systems. For this purpose, OPE1 and OPE2
were synthesized by using multistep synthetic strategies
involving palladium-catalyzed Sonogashira–Hagihara cross-
coupling reactions (Scheme 1).[13] These molecules were
characterized by 1H NMR and 13C NMR spectroscopy as
well as by MALDI-TOF mass spectrometry.[14]
The UV/Vis spectrum of OPE1 in chloroform (1! 10!5m)
at 25 8C showed a strong p–p* absorption ba d at 377 nm. In
decane, the absorption maximum is red-shifted to 385 nm and
the formation of an additional band at 419 nm was observed.
The emission maximum in chloroform was at 414 nm, which
was significantly red-shifted towards 443 nm in decane but
with decreased intensity.[14] These observations are attributed
to the J-type aggregation of OPE1 in decane. Variable-
temperature UV/Vis absorption spectra recorded in decane
(1.1! 10!5m) showed there was a reversible transition of the
aggregates to isotropic species between 20 and 70 8C (Fig-
ure 1a). A plot of the fraction of the aggregates (a) versus
temperature revealed a sharp transition between 30 and 40 8C
as well as a broad transition in the range of 45–55 8C, thus
indicating the prese ce f aggregates f different thermal
stabilities (Figure 1a, inset). Furthermore, the absorption
spectrum of OPE1 (1.1! 10!5m) in decane at room temper-
ature showed a time-dependent decrease in the absorption
maximum, which reached a stable state after 4 h (Figure 1b).
Scheme 1. Synthesis of OPE1 and OPE2.
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Increasing the temperature at
this point resulted in th orig-
inal spectrum of the molecu-
larly dissolv d OPE1. These
observations support the ini-
tial formati n of ki etically
controlled aggregates that
undergo slow transformation
to thermodynamically stable
species through first-order
kinetics, with a rate constant
of k= 47.41 min!1 (Figure 1b,
inset). The kinetically con-
trolled aggregates are stable
only up to 40 8C whereas the
thermodynamically control-
led aggregates are stable up
to 55 8C. I terestingly, no con-
siderable differences in the
absorption spectra of solu-
tions of OPE2 in chloroform
and decane were observed,
thus indicating that this mol-
ecule fails to self-aggregate
because of the absence of
the H- ndi g end functional
grou s.
The atomic force microscopy (AFM) pictures of the self-
assemblies of 1! 10!6 and 1! 10!5m solutions of OPE1 in
decane at different magnifications are shown in Figure 2.
These images reveal the concentration-dependent self-assem-
bly of OPE1 to individually dispersed particles of different
size. The average diameter of the particles was estimated from
the fitted histograms of the size distribution curves (Fig-
ure 2c, f) after subtracting the tip-broadening parameters.[15]
The histograms, which were obtained from the individual
diameters of 500 particles, show a Lorentzian distribution
(R2= 0.9103) with an average diameter of 94" 2 nm and a
height of 4" 1 nm at 1! 10!6m (full-width at half maximum=
34 nm). The corresponding analysis of the particles formed at
1! 10!5m revealed an average diameter of 535" 10 nm and a
height of 20" 5 nm (R2= 0.9003, full-width at half maxi-
mum= 226 nm). Comparison of the heights and diameter
indicates a flattening of the spheres when transferred to the
mica surface. Although there could be several causes of this
flattening, it is likely that the removal of the solvent after the
tra sfer of the soft particles to the mica surface and the high
local force applied by the AFM tip may be the major
reasons.[8c,e,10b] The vesicular nature of the sphere is clear from
the high-resolution transmission electron microscopy (HR-
TEM) image (Figure 2g). The wall thickness of the vesicle is
approximately 10 nm and has a bilayer morphology, with each
layer having a thickness of about 4 nm. Further increase of the
concentration (1! 10!4m) resulted in the formation of fluo-
rescent microspheres with diameters as large as 10 mm
(Figure 3a). These microspheres can be seen to be agglom-
Figure 1. a) Temperature- and b) time-dependent absorption changes
of OPE1 in decane (1.1!10!5m). The insets show a) the plot of the
fraction of aggregates (a) versus te perature (absorption monitored
at 380 nm) and b) the cha s i th absorbance at 380 nm versus
time.
Figure 2. AFM tapping mode height images of OPE1 in decane, and the corresponding histograms
(Lorentzian fit) at different concentrations. a–c) 1!10!6m and d–f) 1!10!5m (blank experiments were
conducted with only decane on mica to rule out any artefacts). g) HR-TEM image of a sphere of OPE1 from
decane at 5!10!6m without staining.
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Increasing the temperature at
this point resulted in the orig-
inal spectrum of the molecu-
larly dissolved OPE1. These
observations support the ini-
ial formation of kinetically
controlled aggregates that
undergo slow transformation
to thermodynamically stable
species through first-order
kinetics, with a rate constant
of k= 47.41 min!1 (Figure 1b,
inset). The kinetically con-
trolled aggregates are stable
only up to 40 8C whereas the
thermodynamically control-
led aggregates are stable up
to 55 8C. Interestingly, no con-
siderable differences in the
absorption spectra of solu-
tions of OPE2 in chloroform
and decane were observed,
thus indicating that this mol-
ecule fails to self-aggregate
because of the absence of
the H-bonding end functional
groups.
The atomic force microscopy (AFM) pictures of the self-
assemblies of 1! 10!6 and 1! 10!5m solutions of OPE1 in
decane at different magnifications are shown in Figure 2.
These images reveal the concentration-dependent self-assem-
bly of OPE1 to individually dispersed particles of different
size. The average diameter of the particles was estimated from
the fitted histograms of the size distribution curves (Fig-
ure 2c, f) after subtracting the tip-broadening parameters.[15]
The histograms, which were obtained from the individual
diameters of 500 particles, show a Lorentzian distribution
(R2= 0.9103) with an average diameter of 94" 2 nm and a
height of 4" 1 nm at 1! 10!6m (full-width at half maximum=
34 nm). The corresponding analysis of the particles formed at
1! 10!5m revealed an average diameter of 535" 10 nm and a
height of 20" 5 nm (R2= 0.9003, full-width at half m xi-
mum= 226 nm). Comparison of the heights and diameter
indicates a flattening of the s heres w en tran ferred to the
mica surface. Although there could be several causes of this
flattening, it is likely that the removal of the solvent after the
transf r of the soft particles to the mica surface and the high
local force applied by the AFM tip may be the major
reasons.[8c,e,10b] The vesicular nature of the sphere is clear from
the high-resolution transmission electron microscopy (HR-
TEM) image (Figure 2g). The wall thickness of the vesicle is
approximately 10 nm and has a bilayer morphology, with each
layer having a thickness of about 4 nm. Further increas of the
concentration (1! 10!4m) resulted in the formation of fluo-
rescent microspheres with diameters as large as 10 mm
(Figure 3a). These microspheres can be seen to be agglom-
Figure 1. a) Temperature- and b) time-dependent absorption changes
of OPE1 in dec ne (1.1!10!5m). The insets show ) the plot of th
fraction of aggregates (a) versus temperature (absorption onitored
at 380 nm) and b) the changes in the absorbance at 380 nm versus
time.
Figure 2. AFM tapping mode height images of OPE1 in decane, and the corresponding histograms
(Lorentzian fit) at different concentrations. a–c) 1!10!6m and d–f) 1!10!5m (blank experiments were
conducted with only decane on mica to rule out any artefacts). g) HR-TEM image of a sphere of OPE1 from
decane at 5!10!6m without staining.
Communications
3262 www.angewandte.org ! 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2006, 45, 3261 –3264
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erated and fused in many places, which is in contrast to the
individual nanospheres obtained at low concentrations. A
s lf-supporting gel with strong blue fluorescence (lmax=
443 nm, Figure 3c) is ob ained at 3.4! 10!3m. It is important
to note that there are no reports on short OPEs that form
organogels through intermediate spherical assemblies,
although there are a few reports on the direct gelation of
polymeric, macrocyclic, and hybrid phenyleneethynylene
systems.[16]
The scanning electron microscopy (SEM) image of a dried
OPE1 gel (Figure 3b) obtained from decane (3.4! 10!3m)
reveals the formation of superstructures of micrometer size.
The morphological features indicate that these extended
structures could be formed from fused microspheres at higher
c n ntrations. Furthermore, the OPE1 gel obtained from
decane exhibited birefringent textures when viewed through
crossed polarizers, thus indicating molecular anisotropy of the
aggregates. X-ray powder diffraction (XRD) analysis of a
dried gel showed intense reflections with d spacings of 31.3,
21.2, 4.6, 4.1, and 3.7".[14] These spacings are characteristic of
a p-stacked lamellar packing of the individual molecules in
th s lf-ass mbled structure.
The morphological features of the self-assembly of OPE1
is remarkably different from those of the analogous OPVs.[11]
The latter prefers to form an extended tapelike morphology
irrespective of the concentration gradient. This result is
attributed to the differences in the p interactions which are
responsible for the stacking of the molecules. Th se inter-
actions are expected to be strong in planar OPVs relativ to
that in the no planar OPE1. Thus, at low concentrations
OPE1 forms less-stable aggregates that undergo a slow time-
dependent tra sformation int thermodynamically favored
spherical assemblies. However, at higher concentrations
(above the critical gelator concentration (CGC)), the initially
formed aggregates prefer to form ext ded superstructures
that lead to gelation. A reasonable representation of these
processes is shown in Figure 4.
In conclusion, we have shown the unp cedented evolu-
tion of nanoparticles and microspheres f a short molecular
wire below the CGC and giant fibrillar assemblies above the
CGC. The current method has the advantage of generating
self-assemblies of diff rent size and shape simply by variation
of the concentration of the building blocks in a single solvent,
which is in contrast to the induced assemblies in solvent
Figure 3. a) Optical microscopic picture of OPE1 (1!10!4m in decane) under illumination with light of wavelength 365 nm. b) SEM i age of
OPE1 gel (3.4!10!3m) in decane. c) Photograph of the gel in decane (5!10!3m) under illumination (365 nm).
Figure 4. Schematic representation of the self-assembly processes. The mode of molecular arrang ments in a single layer of the spherical and the
extended self-assemblies are also hown.
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erated and fused in many places, which is in contrast to the
individual nanospheres obtained at low concentrations. A
self-supporting gel with strong blue fluorescence (lmax=
443 n , Figure 3c) is obtained at 3.4! 10! m. It is important
to note that there are no reports on short OPEs that form
organogels through intermediate spherical assemblies,
although there are a few reports on th direct g l tion of
polymeric, macrocyclic, and hybrid ph nylen ethynylene
systems.[16]
The scanning electron microscopy (SEM) image of a dried
OPE1 gel (Figure 3b) obtained from decane (3.4! 10!3m)
reveals the formation of superstructures of micrometer size.
The morphological features indicate that these extended
structures could be formed from fused microspheres at higher
concentrations. Furthermore, the OPE1 gel obtained from
decane exhibited birefringent textures when viewed through
crossed polarizers, thus indicating molecular anisotropy of the
aggregates. X-ray powder diffraction (XRD) analysis of a
dried gel showed intense reflections with d sp cings of 31.3,
21.2, 4.6, 4.1, and 3.7".[14] These spa ings are characteristic of
a p- tacked lamellar packing of the individual molecules in
the self-assembled structure.
The morphological features of the self-assembly of OPE1
is remarkably different from those of the analogous OPVs.[11]
The latter prefers to form an extended tapelike morphology
irrespective of the concentration gradient. This result is
attributed to the differences in the p interactions which are
responsible for the stacking of the molecules. These inter-
actions are expected to be strong in planar OPVs relative to
th t in the nonplan r OPE1. Thus, at low concentrations
OPE1 forms less-stable aggregates that undergo a slow time-
dependent transformation into thermodynamically favored
spherical assemblies. However, at higher concentrations
(above the critical gelator concentration (CGC)), the initially
formed aggregates prefer to form extended superstructures
that lead to gelation. A reasonable representation of these
processes is shown in Figure 4.
In conclusion, we have shown the unprecedented evolu-
tion of nanoparticles and microspheres of a short molecular
wire below the CGC and giant fibrillar assemblies above the
CGC. The cur n method has the advantage of generating
self-asse blies f different size and shape simply by variation
of the concentration of the building blocks in a single solvent,
which is in contrast to the induced assemblies in solvent
Figure 3. a) Optical microscopic pictur of OPE1 (1!10!4m in decane) under illumination with light of wavelength 365 nm. b) SEM image of
OPE1 gel (3.4!10!3m) in d cane. c) Photog ph of the gel in decane (5!10!3m) under illumination (365 nm).
Figure 4. Schematic representation of the self-assembly processes. The mode of molecular arrangements in a single layer of the spherical and the
extended self-assemblies are also shown.
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erated a d fus d in many places, which is in contrast to the
individual nanospheres obtained at low conc ntrations. A
elf-supporting gel with strong blue fluorescence (lmax=
443 nm, Figure 3c) is obtain d at 3.4! 10!3m. It is important
to note that there are no reports on short OPEs that form
organogels throu h intermediate spherical assembli s,
although there are a few reports on the direct gelation of
polymeric, macrocyclic, and hybrid phenylen e hynylene
systems.[16]
The scanning electron microscopy (SEM) image of a dried
OPE1 gel (Figure 3b) obtained from decane (3.4! 10!3m)
reveals the formation of superstructures of micrometer size.
Th morphological features indicate t at these extended
structures could be formed fro fused microspheres at higher
concentrations. Furthermore, the OPE1 gel obtained from
decane exhibited birefringent textures when viewed through
crossed polarizers, thus indicating molec lar anisotropy of the
aggregates. X-ray powder diffraction (XRD) analysis of a
dried gel showed intense reflections with d spacings of 31.3,
21.2, 4.6, 4.1, a d 3.7".[14] These spacings are charact ristic of
a p-stacked lamellar packing of the individual molecules in
the self-assembled structure.
The morphological featur s of the self-assembly of OPE1
is remarkably different from those of the analogous OPVs.[11]
The latter prefers to form an extended tapelike morphology
irrespective of the concentration gradient. This result is
attributed to the differences in the p interactions which are
responsible for the stacking of the molecules. These inter-
actions are expected to be strong in planar OPVs relative to
that in th nonplanar OPE1. Thus, at low concentrations
OPE1 forms less-stable a gregates that undergo a slow time-
dependent transformation into thermodynamically favored
spherical assemblies. However, at higher concentrations
(above the critical gelator concentration (CGC)), the initially
formed ggreg tes pre er to form xtend d superstructures
that lead to gelation. A reasonable representation of these
processes is shown in Figure 4.
In conclusion, we have shown the unprecedented evolu-
tion of nanoparticles an microspheres of a short molecular
wire below the CGC and giant fibrillar assemblies above the
CGC. The current method has the advantage of generating
self-assemblies of differ nt size and shape simply by variation
of the concentration of the building blocks in a single solvent,
which is in contrast to the induced assemblies in solvent
Figure 3. a) Optical microscopic picture of OPE1 (1!10!4m in decane) under illumination with light of wavelength 365 nm. b) SEM image of
OPE1 gel (3.4!10!3m) in decane. c) Photograph of the gel in decane (5!10!3m) under illumination (365 nm).
Figure 4. Schematic representation of the self-assembly proc sses. The mod of molecular rrangements in a single layer of the spherical and the
extended self-assemblies are also shown.
Angewandte
Chemie
3263Angew. Chem. Int. Ed. 2006, 45, 3261 –3264 ! 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org
d)# e)# f)#
69 
70 71 
72 
)#
# f)#
CHAPTER(I(  Introduction 
 
   34 
nanostructure into micrometer size fibers. In a further development of the same work, he introduction 
of a chiral centre into the lateral chains of the OPE core led to the selective transformation of the 
particle obtained by OPE derivative 71 into helical fibers, through a sergeant-soldier type mechanism.  
In a collaborative work with the group of Dr. N. Armaroli, our group has recently developed a novel 
approach for the preparation of both hollow and filled spherical nanostructure, through the 
combination of both H-bonds, aromatic-aromatic and solvophobic interactions.[109] Under temperature 
and solvent polarity control, supramolecular adducts between two p-conjugated units, bearing 
complementary H-bonding groups can be obtained in solution and further organize into hollow 
spherical nanoobjects provided with a vesicular structure. In this work the possibility to change the 
size distribution and shape by changing the stoichiometric ratio of the molecular components was 
proved to be a consequence of the solvophobic/solvophilic interaction established between the 
supramolecular species (Figure 1.31). For this task building blocks 73 is and 74 bearing 
complementary H-bonds recognition moieties were synthesized. Molecule 73 consisted of a p-
disubstituted central benzene ring bearing at both sides two 2,6-bis(acetylamino)-pyridyl moieties, 
whereas molecule 73 possesed only one H-bonds recognition site consisting of an uracil moiety. These 
molecular units are known to undergo a self-assembly process trough the formation of triple H-
bonding systems with high association constant in apolar solvents (between 104 and 105 M-1).[110] 
 
Figure 1.31 Schematic representation (a) of the self-organization process between molecular modules 73 and 74 resulting in 
the formation of H-bond based vesicular nanostructures. TEM (b) and TM-AFM (c) images of a drop casted solution of 
molecules 73 and 74 in 1:2 ratio (insets: detail on the single nanoparticle).[109] 
Due to the highly chromophoric features of both compounds, their self-assembly process in solution 
was monitored by Uv-Vis and Fluorescence spectroscopy in a strongly apolar solvent such as CHX.  
Uv-Vis spectrum of the ternary mixture [73!(74)2] presented the formation of a red-shifted new band, 
that was not present in the spectra of the preliminary and isolated compounds, that is attributable to the 
presence of π-π interactions most likely induced by the preliminary formation of an H-bond based 
hetero-trimers between one unit of 73 and two unit of 74. TEM and TM-AFM investigations, 
highlighted the ability of both isolated molecules 73 and 74 to self-assemble into spherical micro and 
nano-objects with diameters ranging from 10 nm to over 1 mm. Remarkably, TEM and AFM analysis 
of drop casted solutions of a 1:2 mixture of 73 and 74 respectively, showed the presence of 
supramolecular vesicles provided with an highly uniform distribution size (diameter ranging from 80 
to 180 nm). Such results confirm that the self-assembly between 73 and 74 increase the solute-solvent 
interactions as a consequence of the change of the solvophobic 2,6-di(acetylamino)-pyridyl moieties 
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Chromophoric acetylenic scaffolds bearing complementary
uracyl and 2,6-di(acetylamino)pyridyl moieties undergo
supramolecular recognition and generat uniform nanoparticl s,
as observed by UV-Vis, AFM and TEM measurements.
Self-assembly of organic p-conjugated m lecules into nano-
structured materials is gaining attention as a potentially facile
and effective route towards the development of functional
materials for electronic and biological applications.1 The
optical and electronic properties of organic-based materials
are highly dependent on their size and shape.2 Hence for any
applications, for instance in optoelectronic devices, fine
control of the structural characteristics by varying the mole-
cular constituents and functionalities is essential.3 In this
context, due to their directionality and spatial arrangement,
complementary multiple H-bonding interactions are attractive
candidates for engineering well-defined supram lecular
structures,4 which might undergo further self-organisation
promoting the formation of controlled organic nanoparticles.5
To this end, we have designed chromophores 1 and 2, which
are equipped with complementary uracyl and 2,6-di(acetylamino)-
pyridyl H-bonding moieties (Fig. 1). Under temperature and
solvent-polarity control, we show that supramolecular a duc s
between 1 and 2 are formed in solution and further evolve as
spherical nanostructures, such as vesicles (Fig. 1). Most
notably, the nanoparticle size distribution and shape can be
tuned by the stoichiometry ratio of the two molecular compo-
nents. This behaviour is interpreted as a consequence of the
specific solvophobic/solvophilic interactions that are estab-
lished in binary or ternary supramolecular adducts.
Molecule 1 consists of a para- isubstituted central benzenic
ring that is connected at both sides to two 2,6-di(acetylamino)-
pyridyl terminal groups through ethynyl spacers, while module
2 bears only one uracyl unit equipped with an anthracenyl
tailing group. These molecular units are known to undergo
self-assembly through triple H-bonding with very high
association constants in apolar solvents, i.e. of the order of
104–105 M!1.6
Linear ditopic module 1 was prepared via a three-step
synthesis starting from commercial 1,4-dihydroquinone
(Scheme 1). Alkylation of 1,4-dihydroquinone in 1-bromodo-
deca e afforded molecule 4, which was subsequently reacted
with I2 in the presence of Hg(OAc)2 as catalyst to yield
bis-iodo derivative 5.7 Finally, molecule 5 was reacted via a
Pd-catalysed Sonogashira cr ss-coupling reaction with a small
excess (2.5 eq.) of 2,6-di(acetylamino)-4-ethynylpyridine to
obtain the linear ditopic molecule 1. Monotopic module 2
and 2,6-di(acetylamino)-4-ethynylpyridine were synthesised
following the experimental protocols recently developed by
us.8 Reference compound 3 displaying the same structure as
module 1 but incapable of establishing H-bonding inter-
actions, was obtained upon methylation of the amidic func-
tionalities of 1 by reacting it with MeI in the presence of NaH.
Molecules 1 and 2 exhibit intense absorption bands in the
UV region and are strong luminophores in cyclohexane
(CHX) solution (Fig. 2a and S1, ESIw); fluorescence quantum
yields are 9 and 63%, respectively. The absorption and
fluorescence bands of 1 in CHX exhibit fully reversible
temperature-dependent profiles in the range 10–80 1C
(Fig. 2b). On the contrary, small or no changes are observed
for anthracenyl derivative 2 under identical conditions. These
fi dings suggest that molecule 1 undergoes self-aggregation,
which might be driven by a combination of weak homo-
molecular H-bonding, dipolar interactions, and p–p stacking.
A temperature-dependent test experiment with tetra-
methylated molecule 3 evidences negligible spectral changes
(Fig. S2, ESIw) confirming that the di(acetylamino)pyridyl
Fig. 1 Schematic representation of the self-organisation process.
Scheme 1 (a) 1-Bromododecane, K2CO3, DMF, 60 1C, 12 h;
(b) Hg(OAc)2, I2, CH2Cl2, rt, 12 h; (c) 2,6-di(acetylamino)-4-ethynyl-
pyridine, [Pd(PPh3)4], CuI, Et3N, THF, 85 1C, 12 h; (d) THF, NaH,
MeI, rt, 12 h.
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In summary, we have shown that by tuning he solvo-
philicity of organic systems through the formation of
complementary hydrogen bonds it is possible to promote the
formation of spherical nanostructures with novel optical and
morphological properties. Very importantly, the supra-
molecular aggregates volume and size distribution can be
tuned by the stoichiometric ratio of the molecular moieties
in the parent solution. The strategy proposed here can be
further refined for the engineering of nanoparticles of different
size and shape by selecting appropriate molecular components
and by varying their composition. We are currently working
along these lines.
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In summary, we have shown that by tuning the solvo-
philicity of organic systems through the formation of
complementary hydrogen bonds it is possible to promote the
formation of spherical nanostructures with novel optical and
morphological properties. Very importantly, the supra-
molecular aggregates volume and size distribution can be
tuned by the stoichiometric ratio of the molecular moieties
in the parent solution. The strategy p op sed here can be
furth r refined for the engineering of nanoparticles of different
size and shape by selecting appropriate molecular components
and by varying their composition. We are currently working
along these lines.
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into the more solvophilic anthracenyl fragment favouring in this way the thermodynamical formation 
of the spherical supramolecular vesicles. 
Another important challenge in the development of discrete nanostructures is considered the 
preparation of nano-objects characterized by a circular shape such as rings or toroids. In this context 
Ajayaghosh and co-workers have recently reported the hierarchized assembly of melamine 
functionalized OPE derivatives in presence of cyanuric acids (CA) derivatives, resulting in the 
formations of luminescent toroids nanostructures.[111] The bi-component system formed by OPE 
functionalized derivative 75 and CA derivative 76, is able to self-assemble into discrete H-bonds 
based rosette, from which through π-π stacking interaction the final toroid structure is evolved (figure 
1.32a) 
 
Figure 1.32 Schematic representation (a) of the self-assembly process between melamine-linked OPE 75 and cyanurate 76, 
inducing the formation of toroid nano-objects. TM-AFM image (b) of an equimolar mixture of 75 and 76 as spin coated from 
decane solution on HOPG (Inset: image obtained by low-force tapping mode).[111] 
Absorption measurements showed that the major driving force leading to the rosette association was 
the formation of H-type aggregates induced by the OPE fragments of 75. Moreover molecular 
modelling simulations have highlighted that the aromatic planes defined by the OPE moieties were 
rotated of 45°C in respect to the H-bond plane, confirming that an extended association of rosettes in 
such tilted conformation could lead to the formation of columnar assemblies provided with a certain 
degree of curvature, resulting therefore also into the formation of toroidal objects. In a very recent 
paper the preparation of H-bonded based toroidal nanostructures was achieved by the group of Yagai, 
through the self-complementary assembly between OPV derivatives opportunely functionalized with 
barbiturate moieties at one of their termini.[112] Compound 76-78 consisted of a barbituric acid H-
bonding head-group, of an OPV π-conjugated segment and of a wedge-shaped tridodecyloxybenzyl 
(TDB) moiety (Figure 1.33a). UV-Vis spectra of a MCH solution of this class of compounds showed a 
strong hypochromic effect in comparison to the one in THF as a consequence of an associative 
phenomenon. Also in this case the authors hypothesize that the formation of the ring structures was 
caused by the specific curvature encoded within the π-π stacked columnar nanostructures of the 
supramolecular macrocycle formed through H-bonds in diluted conditions.  
Self-Assembly
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Toroidal Nanoobjects from Rosette Assemblies of Melamine-Linked
Oligo(p-phenyleneethynylene)s and Cyanurates**
Shiki Yagai,* Sankarapillai Mahesh, Yoshihiro Kikkawa, Kanako Unoike, Takashi Karatsu,
Akihide Kitamura, and Ayyappanpillai Ajayaghosh*
Spontaneous organization of small molecular building blocks
into complex superstructures by concerted action of various
noncovalent interactions is abundant in nature. The precision,
elegance, complexity, and functions of these structures pose
significant challenge to scientists. The quest to translate the
salient features of nature!s self-assembly principles has lead to
the design of a variety of artificial objects useful in the field of
advanced materials research.[1] In this context, the fabrication
of well-defined, discrete nanoobjects of photonically and
electronically active molecular components with controlled
size, shape, and function is of paramount importance.[2] A
major focus on this area is the self-assembly of linear p-
conjugated molecules because of their inherent optical and
electronic properties, which are vulnerable to intermolecular
interactions.[3] Such interactions can be controlled by direc-
tional multiple hydrogen-bonding modules, leading to supra-
molecular objects of various dimensionalities.[4]
Among various multiple H-bonding modules, the com-
plementary interaction between melamines and cyanurates
has been of great value for chemists to the design of rosette
(macrocyclic) and tape-like (linear or crinkled) architec-
tures.[5] Reports on superstructures hierarchically organized
from cyclic supramolecular assemblies are limited to
extended columnar architectures.[6,7] Herein we report an
unprecedented self-organization of hydrogen-bonded rosette
assemblies of oligo(p-phenyleneethynylene) (OPE)[8]
attached melamine 1 and the cyanurate 2 in aliphatic solvent,
leading to the formation of toroidal objects of nanometer
dimension (Figure 1).[9–11]
The melamine-linked OPE derivative 1 was prepared by
Sonogashira coupling[12a] of N,N’-di(p-iodophenyl)triamino-
triazine with 3,4,5-tridodecyloxybenzyloxy-substituted ethy-
nyltolan, which was characterized by 1H NMR spectroscopy
and MALDI-TOF mass spectrometry.[13] Coassembly of 1
with the cyanurate 2[12b] resulted in discrete rosettes (13·23).
The 1H NMR spectrum of an equimolar mixture of 1 and 2
([1]= [2]= 5" 10!3m) in CDCl3 showed resonances of the
hydrogen-bonded imide protons of 2 at d= 14.3 ppm and the
secondary amino protons of 1 at d= 9.58 ppm. Such values are
characteristic of the formation of well-defined rosette assem-
blies.[13,14] The absorption spectrum of the equimolar mixture
of 1 and 2 in CHCl3 (1" 10!2m) showed a maximum at l=
334 nm, which is slightly blue-shifted from that of 1 alone in
CHCl3 (lmax= 339 nm).
[13] This indicates H-type aggregation
of OPE segments upon confor ational fixation of 1 to form a
H-bonded rosette assembly with 2.[8] The emission of the OPE
coassembly showed a r d shift of ca. 30 nm compared to that
igure 1. Self-assembly of melamine-linked OPE 1 and cyanurate 2.
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of the monomer (lem–max= 378 to 407 nm), which is in good
agreement with the H-type excitonic coupling.
Dynamic light scattering (DLS) experiments with solu-
tions of equimolar mixtures of 1 and 2 in chloroform and
decane are shown in Figure 2. In chloroform, aggregates with
an avera hydrodynamic diameter of 8 nm were obtained.
This size is in line with the gyration diameter of rosette
assemblies with extended alkyl chains.[13] However, in decane
(5! 10!5 to 5! 10!4m) large aggregate species with average
hy rodynamic diam ter f 0 n w re obtained, indicating
the formation of nanoobjects hierarchic lly organized from
rosettes. Such nanoobjects seem to have a discrete shape, as
the hydrodynamic diameter does not change over th above
concentration regime. The optical properties of the mixture in
decane (1! 10!5m) revealed a further excitonic interaction of
the OPE segments. The absor tion maximum emerged at
324 nm, whereas the fluorescence maximum appeared at
436 nm. These maxima are blue- and red-shifted from the
mixture in CHCl3 (1! 10!2m, see above), respectively.[13] Thus,
further extended H-type aggregation of OPE segments takes
place in nonpolar solvent, which drives hierarchical organ-
ization of rosettes. Remarkably, both spectra showed only
marginal changes upon heating the solution up to 70 8C.[13]
Accordingly, the rosett –rosette interaction as well as the
hydrogen bonding interaction within rosette are significantly
strong, which may render the hierarchically-organized assem-
blies considerably stable.
Insight into the morphology of the hierarchical structures
formed from the rosette 13·23 in decane is obtained from
tapping-modeAFM images. To our surprise, AFM images of a
decane solution (5! 10!5m), spin-coated (3000 rpm) onto
freshly cleaved highly-oriented pyrolytic graphite (HOPG),
displayed a large number of toroidal nanoobjects (Figure 3a).
The outer diameters of toroids (c in Figure 3c) are uniform at
around 40 nm, which is in line with Dh detected by DLS. The
average cross-sectional diameter a is 20 nm, whereas the
height a’ is (3.2" 0.3) nm. The actual cross-sectional diameter
was estimated to be (8" 2) nm after subtracting the tip
broadening parameters.[15] This value matches the gyration
diameter of a rosette from molecular modeling, implying that
toroids are formed by the stacking of the individual rosettes.
The discrepancy between the AFM height and the diameter
of rosette might be caused by the tilting of rosettes on the
substrate and/or the deformation of the aliphatic chains by
high local forces exerted by the AFM tip. The body-to-body
distance (b in Figure 3c) given by cross-sectional analysis is
(21" 2) nm (Figure 3b), thus the circumference of toroids is
ca. 67 nm. Assuming that the periodic distance of rosettes is in
the range of 3.5–5 ",[6b] the number of rosettes in a single
toroid and the angle of inclination between the adjacent
rosette disks are estimated to be 191–134 and 1.9–2.78,
respectively.
In the AFM image of the assemblies (Figure 3a), short
wormlike and “opened” objects are also visualized, which
might arise from deformation of the toroids by AFM tip force.
Imaging with lower tapping force allowed almost all the
nanoobjects to retain the toroidal shape (inset in Figure 3a).
The fragile nature of toroids is more pronounced in sparse
regions than in crowded regions, making visualization of
isolated toroids by AFM difficult.[13] Spontaneous formation
Figure 2. Dynamic light scattering a alysis of a qui olar mixture of
1 and 2 in CHCl3 (* 1!10
!3m) and in decane (* 5!10!5m).
Figure 3. a) AFM phase image of an equimolar mixture of 1 and 2
spin-coated from decane solution (5!10!5m) on HOPG. Inset: image
obtained by low tapping force.[13] b) Cross-se tional analysi f an
isolated toroid. Red arrows show the body-to-body distance b. c) Rep-
resentation of the toroidal organization of rosettes (red disks).
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Figure 1.33 Molecular structures (a) of the barbituric derivatives 76-78 used by Yagai and co-workers to induce the 
formation of discrete supramolecular nanorings. TM-AFM images of a spin coated solution of 78 on HOPG surface revealing 
the formation of interlocked nanoring structures resembling the formation of catenanes.[112] 
Most notably, close AFM investigations of spin-coated solutions (1x10-4 M) of 76 and 78 in MCH on 
HOPG showed the formation of interlocked structures made of two nanorings, whereas for the 
derivative 76 any interlocked structures were observed. This can be rationalized tacking in 
consideration the different type of supramolecular macrocycles formed by the different OPV building 
blocks. In the case of OPV derivative 76, the ring structures resulting from the π-π interaction of the 
supramolecular macrocycles were to too small (average diameter of 25 nm) to allow an effective 
interlocking of the single nanoring and the resulting nanostructures were therefore constituted only by 
isolated circular units.  
A further strategy, recently used for the preparation of discrete nanostructures composed by an 
extremely restricted numbers of supramolecular building blocks, consists into the exploitation of 
surface based methods. Indeed the size control of H-bonded assemblies and the relative positioning of 
a small number of supramolecular building blocks can be achieves more easily if the self-assembly 
process is restricted in only two dimensions. One of the systems that are most studied so far it is the 
one regarding the self-association of the diaminotriazine OPV derivatives 79-81 (Figure 1.34a).[113]  
 
Figure 1.34 Molecular structures (a) of the OPV derivatives 79-81. Mirror type domains (a-b) obtained at the solid liquid 
interface from the deposition of 79 and 80 respectively.[113a] Molecular structures (d) of the NBI derivative 82 and of the 
melamine functionalized OPV building block 83 and the schematic representation of their self assembly process on surface 
(e). STM image of the-assembled discrete nanostructure (f), the green circle highlight the formation of the H-bonded 
rosette.[113b] 
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Catenation of Self-Assembled Nano ACHTUNGTRENNUNGrings
Shiki Yagai,*[a] Yusaku Goto,[a] Takashi Karatsu,[a] Akihide Kitamura,[a] and
Yoshihiro Kikkawa[b]
Construction of complex nanoscale architectures from
small molecular building blocks (SMBBs) by programmed
hierarchical organization processes is one of the most excit-
ing frontiers of supramolecular chemistry and self-organiza-
tion.[1] Understanding the complexity in the self-organiza-
tion of biopolymers by using simplified artificial molecules
in addition to discovering novel physicochemical functions
in extended or discrete nanoarchitectures are major objec-
tives in these studies. Among the various nanoarchitectures
based on SMBBs,[2] toroidal or ring-shaped structures
(nanorings) formed by end-to-end closing of fibrous supra-
molecular polymers (self-assembled nanofibers)[3] are new
types of discrete nano-objects that have been reported by
Lee et al. for amphiphilic molecules,[4] by the present au-
thors for hydrogen bonded supermacrocycles (rosettes),[5]
and by Parquette et al. for amphiphilic naphthalene dii-
mides.[6] Although microscale circular architectures based on
SMBBs have been previously reported, the formation mech-
anisms were explained by dewetting processes on the sub-
strates.[7] In contrast, nanorings are believed to be already
present in solution on the basis of dynamic light scattering
(DLS) experiments, similar to the nanorings formed by am-
phiphilic block copolymers.[8] However, no direct evidence
can be obtained by light scattering studies of solutions. In
the present study, we report the formation of a topologically
nontrivial nanostructure that can be regarded as visual evi-
dence for the formation of nanorings in solution.
The nanorings under investigation are composed of p e-
lectronic SMBBs, and are unique because they are formed
hierarchically by hydrogen bonded supermacrocycles.[5] The
formation of nanorings is believed to be caused by the spe-
cific curvature encoded within the p–p stacked columnar
nanostructures of the supermacrocycles formed in nonpolar
solvents under dilute conditions. The system that meets the
three requirements for further advance of this nanoring re-
search, that is: 1) simple molecular design, 2) uniformly
sized nanorings, and 3) mechanical stiffness against atomic
force microscopy (AFM) imaging, is evolved from the
oligo(p-phenylenevinylene) 1, which is asymmetrically sub-
stituted with a barbituric acid (BAR) hydrogen bonding
group and a wedge-shaped[1c] aliphatic tail (Figure 1a).[5b]
This “BAR-p-wedge” molecule[9] forms nanorings with di-
[a] Prof. Dr. S. Yagai, Y. Goto, Prof. Dr. T. Karatsu,
Prof. Dr. A. Kitamura
Department of Applied Chemistry and Biotechnology
Graduate School of Engineering, Chiba University
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Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201102982.
Figure 1. a) Chemical structures of 1–3. b) Proposed mechanism for the
formation of nanorings and nanofibers by hydrogen bonded supermacro-
cycles. Other hydrogen bonding patterns can also produce supermacro-ACHTUNGTRENNUNGcycles, see Figure S1 in the Supporting Information. c) Molecular mod-
eled hexameric supermacrocyles of 1–3. d) Comparison of nanoring size
(estimated by AFM) formed by 1–3 with typical edge-to-edge widths and
concentration threshold for their predominant formation (cring).
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of the p conjugation length has a significant impact on the
solution phase organization, as described below.
Nanostructures of 2 and 3 were prepared by dissolving
small amounts of the compounds in MCH with heating, and
then cooling the resulting homogeneous solution to room
temperature. Temperature-dependent UV/Vis spectroscopy
showed the growth of red-shifted absorption bands upon
cooling from 90 to 20 8C (Figure S2 in the Supporting Infor-
mation); this indicates the formation of p–p stacked aggre-
gates. DLS measurements of 2!10!5m solutions indicated
only small aggregates (or monomers) with hydrodynamic di-
ameters (DH) less than 4 nm (Figure 2d and e). Upon in-
creasing the concentrations above 1!10!4m, both com-
pounds showed the formation of nanostructures with aver-
age DH of 30 nm for 2 and 20 nm for 3. Interestingly, the DH
of these compounds did not change when the concentrations
were increased to 1!10!3m. These results are in sharp con-
trast to that of 1, which displayed a significant increase of
DH when the concentration was increased from 2!10!5m
(ca. 60 nm, nanoring) to 1!10!4m (ca. 300 nm, open-ended
nanostructures).
The nanostructures formed by 2 and 3 in MCH were spin-
coated onto highly oriented pyrolytic graphite (HOPG) and
imaged by using AFM. Although the specimens prepared by
drop-casting displayed nanostructures identical to those pre-
pared by spin-coating, we avoided the former preparation
method to prevent unfavorable agglomeration of nanostruc-
tures. The specimens prepared from a 1!10!4m solution of 2
displayed a large number of nanorings with high uniformity
of size and shape (Figure 3a and Figure S3 in the Supporting
Information). Open-ended structures, such as curved fibrils,
spirals and stiff rods, which were all observed for 1 at the
same concentration, were rarely found in repeated imaging
of the specimens. The typical width of nanorings (edge-to-
edge distance) was 36 nm, which is slightly shorter than that
for 1 by 4 nm (Figure 1d).
A considerable amount of nanorings (ca. 60% of all nano-
structures) was imaged even for specimens prepared from
5!10!4m solution of 2 (Figure 3b). This situation is compa-
rable to the specimen prepared from a 4!10!5m solution of
1. Closer inspection of the AFM images revealed the pres-
ence of interlocked structures of two nanorings (circled
areas in Figure 3b).[14] Figure 3c–e show magnified images
of the catenated nanostructures. One of the two contact
parts of the interlocked nanorings, for example, the contact
point x of rings A and B in Figure 3d, has identical height to
the main body of nanorings (ca. 1.8 nm). At such a point,
the upper-lying nanoring is clearly discernible from the
AFM image (i.e., ring A). Another contact point, that is,
point y, exhibits a higher height (2.6 nm) than the main
body of nanorings. For such a point, cross-sectional analyses
along to ring A (Figure 3 f) and B (Figure 3g) gave different
height profiles, and revealed that ring B is the upper-lying
nanostructure at this contact point. It can be concluded
from these analyses that the two nanorings are interlocked
with each other and not simply overlapped nanostructures.
Approximately one or two catenanes were found in every
200!200 nm area (Figure S4 in the Supporting Information).
Because single nanorings are composed of approximately
1300 molecules of 2,[15] this finding indicates an unprece-
dented type of supramolecular catenanes that consists of
more than 2000 molecules of the SMBBs.
Further reduction of the p segments in the present “BAR-
p-wedge” system resulted in the almost exclusive formation
of nanorings. Thus, specimens of 3 exhibited a number of
nanorings, despite being prepared from 5!10!4m solutions
(Figure 4a). Although other open-ended structures are
rarely found, the presence of small spherical nanostructures
should be noted. Such nanostructures can be produced
Figure 3. AFM height images of nanostructures of 2 spin-coated
(3000 rpm) from MCH solutions at concentrations of: a) 1!10!4, and
b) 5!10!4m onto HOPG (z scale: 20 nm). c)–e) Magnified images of the
catenated nanorings found in the circled areas in (b); scale bar: 20 nm.
f), g) Cross-sectional analysis of the catenane in (d).
Figure 4. a) AFM height image of a sample prepared by spin-coating of a
MCH solution of 3 (5!10!4m) onto HOPG; z scale: 20 nm. b), c) Magni-
fied images of the square areas indicated in (a).
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gates. DLS measurements of 2!10!5m solutions indicated
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ameters (DH) less than 4 nm (Figure 2d and e). Upon in-
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age DH of 30 nm for 2 and 20 nm for 3. Interestingly, the DH
of these compounds did not change when the concentrations
were increased to 1!10!3m. These results are in sharp con-
trast to that of 1, which displayed a significant increase of
DH when the concentration was increased from 2!10!5m
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5!10!4m solution of 2 (Figure 3b). This situation is compa-
rable to the specimen prepared from a 4!10!5m solution of
1. Closer inspection of the AFM images revealed the pres-
ence of interlocked structures of two nanorings (circled
areas in Figure 3b).[14] Figure 3c–e show magnified images
of the catenated nanostructures. One of the two contact
parts of the interlocked nanorings, for example, the contact
point x of rings A and B in Figure 3d, has identical height to
the main body of nanorings (ca. 1.8 nm). At such a point,
the upper-lying nanoring is clearly discernible from the
image (i.e., ring A). Another contact point, that is,
point y, exhibits a higher height (2.6 nm) than the main
body of nanorings. For such a point, cross-sectional analyses
along to ring A (Figure 3 f) and B (Figure 3g) gave different
height profiles, and revealed that ring B is the upper-lying
nanostructure at this contact point. It can be concluded
from these analyses that the two nanorings are interlocked
with each other and not simply overlapped nanostructures.
Approximately one or two catenanes were found in every
200!200 nm area (Figure S4 in the Supporting Informati ).
Because single nanorings are co posed of approxi ately
1300 molecules of 2,[15] this finding indicates an unprece-
dented type of supramolecular catenanes that consists of
more than 2000 molecules of the SMBBs.
Further reduction of the p segments in the present “BAR-
p-wedge” system resulted in the almost exclusive formation
of nanorings. Thus, specimens of 3 exhibited a number of
nanorings, despite being prepared from 5!10!4m solutions
(Figure 4a). Although other open-ended structures are
rarely found, the presence of small spherical nanostructures
should be noted. Such nanostructures can be produced
Figure 3. AFM height images of nanostructures of 2 spin-coated
(3000 rpm) from MCH solutions at concentrations of: a) 1!10!4, and
b) 5!10!4m onto HOPG (z scale: 20 nm). c)–e) Magnified images of the
catenated nanorings found in the circled areas in (b); scale bar: 20 nm.
f), g) Cross-sectional analysis of the catenane in (d).
Figure 4. a) AFM height image of a sample prepared by spin-coating of a
MCH solution of 3 (5!10!4m) onto HOPG; z scale: 20 nm. b), c) Magni-
fied images of the square areas indicated in (a).
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of the p conjugation length has a significant impact on the
solution phase organization, as described below.
Nanostructures of 2 and 3 were prepared by disso ving
small amounts of the compounds in MCH with heating, an
then cooling the resulting homogeneous solution to room
temperature. Temperature-dependent UV/Vis spectroscopy
showed the growth of red-shifted absorption bands upon
cooling from 90 to 20 8C (Figure S2 in the Supporting Infor-
mation); this indicates the formation of p–p stacked aggre-
gates. DLS measurements of 2!10!5m solutions indicated
only small aggregates (or mon mers) with hydro ynamic di-
ameters (DH) less than 4 nm (Figure 2d and e). Upon i -
creasing the concentrations above 1!10!4m, both com-
pounds showed the form ti n of nanostructures with aver-
age DH of 30 nm for 2 and 20 nm f r 3. Int restingly, the DH
of these compounds did n t change when the concent ations
were increased to 1!10!3m. These results are in sh rp con-
trast to that of 1, which displayed a significa t increase of
DH when the concentration was increased from 2!10!5m
(ca. 60 nm, nanoring) to 1!10!4m (ca. 300 nm, open-ended
nanostructures).
The nanostructures formed by 2 and 3 in MCH were spin-
coated onto highly oriented pyrolytic graphite (HOPG) and
imaged by using AFM. Although the specimens prepared by
drop-casting displayed nanostructures identical to those pre-
pared by spin-coating, we avoided the former preparation
method to prevent unfavorable agglomeration of nanostruc-
tures. The specimens prepared from a 1!10!4m solution of 2
displayed a large number of nanorings with high uniformity
of size and shape (Figure 3a and Figure S3 in the Supporting
Information). Open-ended structures, such as curved fibrils,
spirals and stiff rods, which were all observed for 1 at the
same concentration, were rarely found in repeated imaging
of the specimens. The typical width of nanorings (edge-to-
edge distance) was 36 nm, which is slightly shorter than that
for 1 by 4 nm (Figure 1d).
A considerable amount of nanorings (ca. 60% of all nano-
structures) was imaged even f r specime s prepar d from
5!10!4m solution of 2 (Figure 3b). This situatio is ompa-
rable to the specimen prepared f om a 4!10!5m solution of
1. Closer inspection of the AFM mag s rev aled the pr -
ence of interlocked structures of two nanorings (circled
areas in Figure 3b).[14] Figure 3c–e show magnified images
of the catenated nanostructures. One of the two contact
parts of the interlocked n norings, for example, the contact
point x of rings A and B in Figure 3d, has identical height to
the main body of nanorings (ca. 1.8 nm). At such a point,
the upper-lying nanoring is clearly discernible from the
AFM image (i.e., ring A). Another contact point, that is,
point y, exhibits a higher height (2.6 nm) than the main
body of nanorings. For such a point, cross-sectional analyses
along to ring A (Fig re 3 f) and B (Figu e 3g) gave different
height profiles, and revealed that ring B is the upper-lying
nanostructure at this c ntact point. It can be concluded
from these analyses that the two nanorings are interlocked
with each other and not simply overlapped nanostructures.
Approximately one or two catenanes were found in every
200!200 nm area (Figure S4 in the Supporting Information).
Because single nanorings are composed of approximately
1300 molecules of 2,[15] this finding indicates an unprece-
dented type of supramolecular catenanes that consists of
more than 2000 molecules of the SMBBs.
Further reduction of the p segments in the present “BAR-
p-wedge” system resulted in the almost exclusive formation
of nanorings. Thus, specimens of 3 exhibited a number of
nanorings, despit being prepared from 5!10!4m solutions
(Figure 4a). Although other open-ended structures are
rare y found, the presence of small spherical nanostructures
should be noted. Such nanostructures can be produced
Figure 3. AFM height images of anostructures of 2 spin-c ate
(3000 rpm) from MCH solutions at concentrations of: a) 1!10!4, and
b) 5!10!4m onto HOPG (z scale: 20 nm). c)–e) Magnified images of the
catenated nanorings found in the circled areas in (b); scale bar: 20 nm.
f), g) Cross-sectional analysis of the catenane in (d).
Figure 4. a) AFM height image of a sample prepared by spin-coating of a
MCH solution of 3 (5!10!4m) onto HOPG; z scale: 20 nm. b), c) Magni-
fied images of the square areas indicated in (a).
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dynamics, and TEM and AFM microscopy. Concretely,
DNA- or PNA-based oligothymidines of different lengths
were employed to guide the assembly of dyes in water or in
organic solvents such as methylcyclohexane,107f respec-
tively (Figure 6b). The guest pi-conjugated olec les,
either naphthalene (29) or OPV (30) chromophores, were
equipped with a diaminotriazine or a diaminopurine moi-
ety, both having the required D-A-D H-bonding pattern,
complementary to the A-D-A pattern of the thymine base.
Titration a d variable temperature CD and absorpti
experiments gave a valuable insight into the mec anism
of this templated supramolecular polymerization and the
guest-guest and host-guest interaction parameters ob-
tained provided evidence for a full coverage of DNA
templates,whichdemonstrates the success of this templated
approach to regulate stack size.107b Interestingly, some of
the DNA host-guest complexes showed a dram tic sensi-
tivity toward pH changes. It was found that decreasing the
pHproduced the protonation of the guest diaminopurine-
naphthalene molecules, which resulted in an inversion of
the helicity of the assembly and an increased binding
strength to the oligothymidine template.107e
If t H-bonded monomers are equipped with poly-
merizable groups, this DNA-templated strategy can also
be applied to generate polymers with a very low degree of
polydispersity and a length that matches that of the DNA
template. This idea has very recently been explored by Lo
et al.108 by the templated synthesis of nucleobase-grafted
polyphenylene-ethynylene (PPE).109 The adenine- or
thymine-appendedmonomers were subjected to a polym-
erization reaction: (i) in the absence of template, (ii) in
the presence of H-bond-matching thymine- or adenine-
containing polymer (respectively) with an average degree
of polymerization of 20, and (iii) in the presence of a
nonmatching template that included H-bonding motifs
which are not selective for the nucleobases in the mono-
mer. The polymers thus obtained were analyzed by GPC
in order to ascertain their polydispersity and average
degree of polymerization. Only the polymerization reac-
tions that were carried out in the presence of the correct
template exhibited a low polydispersity and a degree of
polymerization that is comparable to the template length.
3.3. pi-FunctionalH-BondedDiscrete Systems onSurfaces.
The sought control of size of H-bonded assemblies and
the relative positioning of a small number of pi-conjugated
molecules canbemore easily achievedproviding supramolec-
ular growth is only restricted to two dimensions. In this case,
by choosing the appropriate H-bonding motifs and molecu-
lar geometry it is possible to limit the self-assembly to the
formation of monolayers comprised of discrete dimers,110
trimers,111 or larger cyclic ensembles, such as quartets89c or
rosettes.112 The hydrogen-bonding motifs and the associa-
tion modes are in many cases the same as mentioned in
Section 2.2, although the formation of tubular pi-pi stacked
superstructures is here hampered by the strong molecule-
substrate interactions. Further 2D growth of themonolayers
is typically observed by the action of secondary intermolec-
ular forces like, for instance, the interdigitation of alkyl
chains.62 Nonetheless, we are considering these systems
as “discrete” and “uniform” since the same ensemble of
H-bonded molecules is repeated throughout the different
domains or islands observed within the monolayer.
One of the most studied systems included within
this group, mostly with regards to the expression of
molecular chirality at surfaces, is the self-assembly
of OPV-diaminotriazine 31 (Figure 7a).36,112 At the
Figure 7. (a) Structure of OPV-diaminotriazine compounds 31a-c.
Both 31a and 31b self-assemble into chiral rosettes (the arrow shows the
“rotation direction”) at the 1-phenyloctane-HOPG interface. An STM
image and a magnification are shown for each compound. (b) Molecular
structure of the rosette heterocomplex formed by H-bonding association
between NBI 32 and bis(OPV)-melamine 33. Below, an STM image of
the assembly formed at the 1-phenyloctane-HOPG interface is shown.
Adapted from: (a) ref 36 with permission from the American Chemical
Society and (b) ref 113b with the permission of the Royal Chemical
Society.
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dynamics, and TEM a d AFM microscopy. Concretely,
DNA- or PNA-based oligothymidines o different lengths
were employed to guide the assembly of dyes in water or in
organic solvents such as methylcyclohexane,107f respec-
tively (Figure 6b). The guest pi-conjugated molecules,
either naphthalene (29) or OPV (30) chr mophores, were
equipped with a diaminotriazine or a diaminopurine moi-
ety, both having the requi ed D-A-D H-bonding patt rn,
complementary to the A-D-A pattern of the thymine base.
Titra ion and variable temperature CD a d absorption
experiments gave a valuable insight into the mech i m
of this templated supramolecular p lymerization an the
guest-guest and host-guest interaction parameters ob-
tained provided evidence for a full coverage of DNA
templates,whichdemonstrates the success of this templated
approach to regulate stack size.107b Interestingly, some of
the DNA host-guest complexes showed a dramatic sensi-
tivity toward pH changes. It was found at decreasi g the
pHpr duced the proto ation of the guest dia ino urine-
naphthalene molecules, which resulted in an inversion of
the helicity of the assembly and an increased binding
st ength to the oligothymidine template.107e
If the H-bonded monomers are equipped with poly-
merizable groups, this DNA-templated strategy can also
be applied to generate polymers with a very low degree of
polydispersity and a length that matches that of the DNA
template. This idea has very recently been explored by Lo
et al.108 by the templated synthesis of nucleobase-grafted
polyphenylene-ethynylene (PPE).109 The adenine- or
thymine-appendedmonomers were subjected to a polym-
erization reaction: (i) in the absence of template, (ii) in
the presence of H-bond-matching thymine- or adenine-
contai ing polymer (respectively) with an average degree
of polymerization of 20, and (iii) in the presence of a
nonmatching template that included H-bonding motifs
which are not selective for the nucleobases in the mono-
mer. The polymers thus obtained were analyzed by GPC
in order to ascertain their polydispersity and average
degree of polymerization. Only the polymerization reac-
tions that were carried out in the presence of the correct
template exhibited a low polydispersity and a degree of
polymerizati n that is comparable to the template length.
3.3. pi-FunctionalH-BondedDiscrete Systems onSurfaces.
The sought control of size of H-bonded assemblies and
the relative positioning of a small number of pi-conjugated
mol cules canbemore easily achievedproviding supramolec-
ular growth is only restricted to two dimensions. In this case,
by choosing the appropriate H-bonding motifs and molecu-
lar geometry it is possible to limit the self-assembly to the
formation of monolayers comprised of discrete dimers,110
trimers,111 or larger cyclic ensembles, such as quartets89c or
rosettes.112 The hydrogen-bonding motifs and the associa-
tion modes are in many cases the same as mentioned in
Section 2.2, although the formation of tubular pi-pi stacked
superstructures is here hampered by the strong molecule-
substrate interactions. Further 2D growth of themonolayers
is typically observed by the action of secondary intermolec-
ular forces like, for instance, the erd gitation of alkyl
chains.62 Nonetheless, we are considering these systems
as “discrete” and “uniform” since the same ensemble of
H-bonded molecules is repeated throughout the different
domains or islands observed within the monolayer.
One of the most studied systems included within
this group, mostly with regards to the expression of
molecular chirality at surfaces, is the self-assembly
of OPV-diaminotriazine 31 (Figure 7a).36,112 At the
Figure 7. (a) Structure of OPV-diaminotriazine compounds 31a-c.
Both 31a and 31b self-assemble into chiral rosettes (the arrow shows the
“rotation direction”) at the 1-phenyloctane-HOPG interface. An STM
image and a magnification are shown for each compound. (b) Molecular
structure of the rosette heterocomplex formed by H-bonding association
between NBI 32 and bis(OPV)-melamine 33. Below, an STM image of
the assembly formed at the 1-phenyloctane-HOPG interface is shown.
Adapted from: (a) ref 36 with permission from the American Chemical
Society and (b) ref 113b with the permission of the Royal Chemical
Society.
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dynamics, and TEM and AFM microscopy. Concretely,
DNA- or PNA-based oligothymidines of differ nt lengths
were employed t guide the assembly of d es in water or in
organic solvents such as methylcyclohexa e,107f respec-
tively (Figure 6b). The guest pi-co jugat d molec les,
either naphth lene (29) or OPV (30) chromophor s, were
equipped with a diaminotriazine or a diaminopurine moi-
ety, bo h having the required D-A- H-bonding pattern,
complementary to the A-D- pattern of the thymine base.
Titration and v ri ble temperatur CD and absorption
xperi ents ave a valuable insight into th mechanism
of this templat d supramolecular polymerization nd t
guest-guest and host-guest interaction parameters ob-
tained provided evi ence for a full coverage of DNA
templates,whichdemonstrate he succ ss of this templated
appro c to regulat stack ize.107b Interestingly, some of
the DNA host-guest complexes showed a dramatic sensi-
tivity oward pH chan es. It was found that decreasing th
pHproduced the protonati n of t e guest diaminopurine-
naphth lene mol cules, which resulted in an i vers on of
the helic ty of the assembly and an increased bin ing
streng h to t e ligothymidine template.107e
If the H-bonded mono ers ar equipped with poly-
merizable groups, this DNA-templated strategy can also
be applied to generate polymers with a very low degree of
polydispers ty and a length tha matches hat of the DNA
template. This idea has very recently been explored by Lo
et al.108 by the templated synthesis of nucleobas -gr fted
polyphenylene-ethynylene (PPE).109 The adenine- or
thymine-app ndedmono ers were subj cted to a polym-
erization reaction: ( ) in the absence of t mplate, (ii) in
the pres nce of H-bond-matching t ymine- or adenine-
containi g polymer (respectively) with an average degr e
of polymerization of 20, and (iii) in the presence of a
nonmatching template th t included H-bonding motifs
which are not selective for the nucl obas s in the mono-
mer. The polymers thus obtained were analyzed by GPC
in order to ascert in their polydispers ty and average
degree of polymerization. Only the polymerization reac-
tions hat were car ied out in the pres nce of the corr ct
template exhibited a low polydispers ty and a degree of
polymerization that is comparable to the template l ngth.
3.3. pi-FunctionalH-BondedDiscrete Sys ms onSurfaces.
The sought control of size of H-bonded assemblies and
the r lative positioning of a small number of pi-c njugated
molecules canbemore easily achievedproviding supramolec-
ular gr wth is only restrict d to wo dimens ons. In this case,
by choosing the appropriate H-bonding motifs and molecu-
lar ge metry it is possible to limit the self-as mbly to the
formation of monolayers comprised of discrete dim rs,110
trimers,111 or larger cyclic ensembles, such as quartets89c or
rosettes.112 The hydrogen-bonding motifs and the associ -
tion m des are in ma y c ses the am as mention d in
Section 2.2, although the formation of tubular pi-pi stacked
superstructures is here hampered by the strong molecule-
substrate interactions. Further 2D g owth f themonolayers
is typically observed by the ac ion of sec ndary intermol c-
ular forces lik , for instance, the in erdigitation f alkyl
chains.62 Nonetheless, w are considering these syst ms
as “discrete” and “u iform” since the sam ensemble of
H-bonded molecules is r peated throug out the different
domains or islands observed within the monolayer.
One of the most studied systems included within
this group, mostly with regards to the expression of
molecular chirality t surfaces, is the self-a sembly
of OPV-diaminotriazine 31 (Figure 7a).36,112 At the
Figure 7. (a) Structure of OPV-diaminotriazine compounds 31a-c.
Both 31a and 31b self-assemble into chiral rosettes (the arrow shows the
“rotation direction”) at the 1-phenylocta e-HOPG interface. An STM
image and a magnification are shown for each compound. (b) Molecular
structure of he r sett het rocomplex formed by H-bonding association
between NBI 32 and bis(OPV)-melamine 33. B low, an STM image of
the assembly formed at the 1-phenylocta e-HOPG interface is shown.
Adapted from: (a) ref 36 with permission from the American Chemical
Society and (b) ref 113b with the permission of the Royal Chemical
Society.
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dynamics, and TEM and AFM microscopy. Concretely,
DNA- or PNA-base oligothymidines of different lengths
were employed to guide the assembly of dyes in water o in
organic s lvents uch as methylcyclohexane,107f respec-
tively (Figure 6b). The guest pi-conjug ted molecules,
either naphthal e (29) or OPV (30) hromophores, were
equipped with a diaminotriazine or a diaminopurine moi-
ety, both having the require D-A-D H-bonding atter ,
compl mentary to th A-D-A pat ern of he thymin base.
Titration and v riable temperature CD and abso ption
experiments gave a valuable insight into the mechanism
of this templated supramolecular polymerization and the
guest-guest and host-guest interaction parameters ob-
tained rovided evidence for a full overage of DNA
templates,whichdemonstrates the success of this templated
approach to regulate stack size.107b Interestingly, some of
the DNA host-guest complexes showed a dramatic sensi-
tivity t ward pH changes. It w s found that decrea in th
pHproduced the protonation of the guest diaminopurine-
naphthalene molecules, which resulted in an inversion of
the helicity of the assembly and an increased binding
stre h to the olig thymidine template.107e
If the H-bonded monomers are equipped with poly-
merizable groups, this DNA-templated strategy can also
be applied to generate polymers with a very low degree of
polydisp rsity and a l n th that matche that of the DNA
template. This idea has very recently been explored by Lo
et al.108 by the templated synthesis of nucleobase-grafted
polyphenylene-ethynylene (PPE).109 The adenine- or
hymine- ppendedmonomers were subj cted to a polym-
erization reaction: (i) in the absence of template, (ii) in
the presence of H-bond-matching thymine- or adenine-
containing polymer (respectively) with an average degree
of polymerization of 20, a d (i i) the presence of a
nonm tching template that included H-bonding motifs
which are not selective for the nucleobases in the mono-
mer. The polymers thus obtained were analyzed by GPC
in order to ascertai the r polydispersity and average
degree of polymerization. Only the polymerization reac-
tions that were carried out n the presence of the correct
template exhibited a low polydispersity and a degree of
polymerizati n that is co parable to th templat le gth.
3.3. pi-FunctionalH-BondedDiscrete Systems onSurfaces.
The sought control of size of H-bonded assemblies and
e relative positioning of a small number of pi-conjugated
molecules canb more easily achiev dproviding supramol c-
ular growth is only restricted to two dimensions. In this case,
by choosing the appropriate H-bonding motifs and molecu-
lar geometry it is possible to limit the self-assembly to the
formation of monolayers comprised of dis te dimers,110
trimers,111 or larger cyclic ensembles, such as quartets89c or
rosettes.112 The hydrogen-bonding motifs and the associa-
tion modes are in many cases the same as mentioned in
Section 2.2, although the for at on of tubul r pi-pi stacked
superstructures is here hampered by the strong molecule-
substrate interactions. Further 2D growth of themonolayers
is typically observed by the action of secondary intermolec-
ular forces like, for instance, the interdigitat on of alkyl
chains.62 Nonetheless, we are considering these systems
as “discrete” and “uniform” since the same ensembl f
H-bond d lecules is repeated thr ughout t differ nt
domains or islands observed within the monolaye .
One of the mo t studi d syst m includ d within
this group, mostly with regards to the expression of
molecu ar chirality at urface , is the self-assembl
of OPV-diaminotriazin 31 (Figu e 7a).36,112 At the
Figure 7. (a) Structure of OPV-diaminotriazine compounds 31a-c.
Both 31a and 31b self-assemble into chiral rosettes (the arrow shows the
“rotation direction”) at the 1-phenyloctane-HOPG interface. An STM
image and a magnification are shown for each compound. (b) Molecular
structure of the rosette heterocomplex formed by H-bonding association
between NBI 32 and bis(OPV)-melamine 33. Below, an STM image of
the assembly formed at the 1-phenyloctane-HOPG interface is shown.
Adapted from: ( ) ref 36 with permission from the American Chemical
Society and (b) ref 113b with the permission of the Royal Chemical
Soci ty.
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dynamics, and TEM an AFM microscopy. C ncrete y,
DNA- or PNA-based oligothymidines of different lengths
were empl yed to guide the as embly of dyes in w ter or in
organic solvents such as methylcycloh x ne,107f respec-
tively (Fi ure 6b). The guest pi-conjugated molecules,
either naphthalene (29) or OPV (30) chromoph res, were
equipped with a diaminot iazine r a diamin p rine moi-
ety, both having the required D-A-D H-bonding pattern,
complement ry to the A-D-A pattern of th thymine bas .
Titration and variable temperature CD and absorption
experiments gave a valuab insight into the mech nism
of this templated supra olecular polymerization and the
guest-guest and host-guest interaction parameters ob-
tained provided evidence for a full cove age f DNA
templat s, hichdemonstrates the success of this templated
approach t egulate stack size.107b Int r sti gly, s me of
the DNA host-guest complexes showed a dramatic se si-
tivity toward pH cha ges. I was found that decreasing the
pHproduced the protonation of the guest diaminopurine-
naphthal ne m lecules, w ich resulted in an inversion of
the h licity of e asse bly nd an incre sed binding
strength to t ol gothy idi e empl te.107e
If the H-bonded mono ers are equipped with poly-
merizable group , this DNA-templated strategy can also
be applied to generate polymers with a very low degree of
polydispersity and a le gth that matches that of the DNA
template. This idea has very recently been explored by Lo
et al.108 by the template synthesis of nucle base-grafted
poly henylene- thy ylene (PPE).109 The adenine- or
thymine-app n edmonom rs w re subj cted to a polym-
erizati n reaction: (i) in the absence of template, (ii) in
the presence of H-bond-matching thymine- or adenine-
containing polymer (respectively) with an average degree
of olym rization of 20, and (iii) in the presence of a
nonmatching template that included H-bonding motifs
which r not selective for the nucleobases in the mono-
mer. The polymers thus ob ained were analyz d by GPC
in rder to asc rtain their polydispersity and average
degree of polymerization. Only the polymerization reac-
tions that were carried out in the pr sence of the correct
template exhibited a low polydispersity and a degree of
poly rization that is comparable to the template length.
3.3. pi-Fu ctionalH-BondedDiscrete Systems onSurfaces.
The sought con rol of size of H-bonded assemblies and
the relative positioning of a small number of pi-conjugat d
molecules c nb m re easily achievedp oviding supram lec-
ular growth is only restricted to two dimensio s. In this case,
by cho sing the appr pr ate H-bon ing motifs and molecu-
lar geometry it is possible to limit the self-assembly to the
formation f m nolayers comprised of iscrete dimers,110
trimers,111 or larger cyclic ensembles, such as quartets89c or
rosettes.112 The hydrogen-bo ding motifs and the ssoci -
tion des are in many cas s the same as ti ned in
Secti n 2.2, al hough the formation of tubular pi-pi stack d
sup rstructures is here hampered by the strong ol cule-
substrate interactions. Further 2D gr wth of themonolayers
is typically observed by the action of secondary intermolec-
ular forces like, for instance, e i terdigitatio f alkyl
chains.62 Nonetheless, we are considering these systems
as “discrete” and “uniform” since the same ensemble of
H-bond d molecules is repeated throughout the different
domains or islands observed within the monolayer.
One of th most studied systems included within
this group, mostly with regards to the expression of
molecular chirality at surfaces, is the self-assembly
of OPV-diaminotriazine 31 (Figure 7a).36,112 At the
Figure 7. (a) Structure of OPV diaminotriazine compounds 31a-c.
Both 31a and 31b self-assemble into chiral rosett s (the arr w shows the
“rotation direction”) at the 1-phenyloctane-HOPG interface. An STM
image and a magnification are shown for each compound. (b) Molecular
structure of the rosette heterocomplex formed by H-bonding association
between NBI 32 and bis(OPV)-melamine 33. Below, an STM image of
the assembly formed at the 1-phenyloctane-HOPG interface is shown.
Adapted from: (a) ref 36 with permission from the American Chemical
Society and (b) ref 113b with the permission of the Royal Chemical
S ciety.
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All the derivatives self-organize at the 1-phenyloctane/HOPG interface into chiral hexameric rosettes 
as a result of the formation of H-bond pairs between the diaminotriazine moieties (Figure 1.34b, c). 
Enantiomerically pure molecules 79 and 80 lead to the exclusive formation of one of the two possible 
mirror-type arrangements whereas for the case of the achiral derivative 81 appeared in the formation 
of equal amount of mirror-image domains. 
Using this approach it is also possible to induce the formation of monolayers constituted by the hetero-
association of a mixture of different building blocks. In this context, H-bonded rosettes between OPV 
derivative 82 and N-unsubstituted NBI derivatives 83 have been visualized at the HOPG-solvent 
interface by STM measurements.[113b] Despite the disordered nature of the assembly originated (Figure 
1.34f), the formation of the heterocomplex at the solid liquid interface was demonstrated using a bias 
depending imaging technique able to discriminate between the electronic properties of the single 
components. 
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CHAPTER II 
 
THERMAL NANOSTRUCTURATION 
OF H-BONDED SUPRAMOLECULAR POLYMERS 
 
2.1 Introduction 
Among the various bottom-up approaches, the exploitation of non-covalent interactions, capable to 
induce the selective and controlled association of molecular components leading to aggregates of 
defined structural properties, has turned out to be extremely promising. In this field, the key concepts 
of molecular recognition through non-covalent interactions (i.e. supramolecular chemistry) have been 
very effective tools for the preparation of nanostructured organic materials displaying controlled 
geometry and shape.[1] The exploitation of highly directional non-covalent interactions, such as 
multiple H-bonds, has been employed to induce the formation of supramolecular polymers, 
macromolecular structures in which single monomers are held together through reversible non-
covalent interactions.[2] In this context the exploitation of molecular recognition sites based on 
complementary multiple H-bonding systems are versatile tools to organize and tune the shape of 
materials at the nanoscale level.[3] Our work on self-assembled and self-organized microstructures 
started with the preparation of vesicular nanostructures under temperature and solvent polarity 
control[4] (i.e. through solvophobic/solvophilic interactions that are established in binary or ternary 
supramolecular adducts) by means of supramolecular ensembles formed through the recognition of 
complementary[5] monouracil and bis-2,6-di(acetylamino)pyridyl H-bonding moieties. The choice of 
using this kind of molecular dyad as recognition systems is based on the high complementarity and 
directionality of the resulting interactions that is originating from the formation of a triple DAD-ADA, 
H-bond system (Figure 2.1).[6] Moreover, its medium binding strength in organic solvents (Ka ~ 103  
M-1 in CHCl3) allows to maintain a certain degree of reversibility and dynamicity during the self-
assembly process, inducing in this way the formation of the most thermodynamically stable system. 
 
Figure 2.1 Schematic representation (a) of the H-bond based complex between 1N-hexyluracil and bis-2,6-
di(acetylamino)pyridine.[6] Schematic representation (b) of the self-assembly/self-organization process between monouracil 
derivative 90 and diacetylaminopyridine unit 84 leading to the formation of H-bond based vesicular nanostructures.[4] 
Engineering spherical nanostructures through hydrogen bondsw
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Chromophoric acetylenic scaffolds bearing complementary
uracyl and 2,6-di(acetylamino)pyridyl moieties undergo
supramolecular recognition and generate uniform nanoparticles,
as observed by UV-Vis, AFM and TEM measurements.
Self-assembly of organic p-conjugated molecules int nano-
structured materials is gaining attention as a potentially facile
and effective route towards the development of functional
materials for electronic and biological applications.1 The
optical and electronic properties of organic-based materials
are highly dependent on their size and shape.2 Hence for any
applications, for instance in optoelectronic devices, fine
control of the structural characteristics by varying the mole-
cular constituents and functionalities is essential.3 In this
context, due to their directionality and spatial arrangement,
complementary multiple H-bonding interactions are attractive
cand dates for e gineering well-defin d supramolecular
structures,4 which might undergo further self-organisation
promoting the formation of controlled organic nanoparticles.5
To this end, we have designed chromophores 1 and 2, which
are equipped with complementary uracyl and 2,6-di(acetylamino)-
pyridyl H-bonding moieties (Fig. 1). Under temperature and
solvent-polarity control, we show that supramolecular adducts
between 1 and 2 are formed in solution and further evolve as
spherical nanostructures, such as vesicles (Fig. 1). Most
notably, the nanoparticle size distribution and shape can be
tuned by the stoichiometry ratio of the two molecular compo-
nents. This behaviour is in erprete as a consequence of the
specific solvophobic/solvophilic interactions that are estab-
lished in binary or ternary supramolecular adducts.
Molecule 1 consists of a para-disubstituted central benzenic
ring that is connected at both sides to two 2,6-di(acetylamino)-
pyridyl terminal groups through ethynyl spacers, while module
2 bears only one uracyl unit equipped with an anthracenyl
tailing group. These molecular units are known to undergo
self-assembly through triple H-bonding with very high
association constants in apolar solvents, i.e. of the order of
104–105 M!1.6
Linear ditopic module 1 was prepared via a three-step
synthesis starting from commercial 1,4-dihydroquinone
(Scheme 1). Alkylation of 1,4-dihydroquinone in 1-bromodo-
decane afforded molecule 4, which was subsequently reacted
with I2 in the presence of Hg(OAc)2 as catalyst to yield
bis-iodo derivative 5.7 Finally, molecule 5 was reacted via a
Pd-catalysed Sonogashira cross-coupling reaction with a small
excess (2.5 eq.) of 2,6-di(acetylamino)-4-ethynylpyridine to
obtain the linear ditopic molecule 1. Monotopic module 2
and 2,6-di(acetylamino)-4-ethynylpyridine were synthesised
following the experimental protocols recently developed by
us.8 Reference compound 3 displaying the same structure as
module 1 but incapable of establishing H-bonding inter-
actions, was obtained upon methylation of the amidic func-
tionalities of 1 by reacting it with MeI in the presence of NaH.
Molecules 1 and 2 exhibit intense absorption bands in the
UV region and are strong luminophores in cyclohexane
(CHX) solution (Fig. 2a and S1, ESIw); fluorescence quantum
yields are 9 and 63%, respectively. The absorption and
fluorescence bands of 1 in CHX exhibit fully reversible
temperature-dependent profiles in the range 10–80 1C
(Fig. 2b). On the contrary, small or no changes are observed
for anthracenyl derivative 2 under identical conditions. These
findings suggest that molecule 1 undergoes self-aggregation,
which might be driven by a combination of weak homo-
molecular H-bonding, dipolar interactions, and p–p stacking.
A temperature-dependent test experiment with tetra-
methylated molecule 3 evidences negligible spectral changes
(Fig. S2, ESIw) confirming that the di(acetylamino)pyridyl
Fig. 1 Schematic representation of the self-organisation process.
Scheme 1 (a) 1-Bromododecane, K2CO3, DMF, 60 1C, 12 h;
(b) Hg(OAc)2, I2, CH2Cl2, rt, 12 h; (c) 2,6-di(acetylamino)-4-ethynyl-
pyridine, [Pd(PPh3)4], CuI, Et3N, THF, 85 1C, 12 h; (d) THF, NaH,
MeI, rt, 12 h.
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Along these lines, we also prepared a library of several chromophoric acetylenic scaffolds peripherally 
equipped with 2,6-di(acetylamino)pyridine or uracil-type terminal fragments that, by taking advantage 
of self-assembly and self-organization, led to the formation of nanostructures of different shapes and 
sizes in solution such as nanoparticles, nanovesicles, nanofibers, and nanorods, also with helicoidal 
variants (Figure 2.2).[7] 
 
Figure 2.2 Molecular structures (a) of modules 84-90, previously synthesized in our group for the preparation of H-bonded 
nanostructured material with different kind of geometrical features. Schematic representation (b) of the possible 
combinations of modules leading to different kinds of self-assembled nanostructures.[7] 
Unfortunately, as a consequence of the high number of molecular recognition sites, molecules 84-89 
are characterized by a low solubility in most of the common organic solvents (especially due to the 
instauration of homomolecular H-bonds between the single isolated units that induced the formation of 
low soluble high-molecular weight supramolecular polymers) and therefore difficult to manipulate. 
In order to obtain a further control on the self-assembly/self-organization process and to avoid 
collateral aggregation phenomena due the homomolecular H-bonds, we have decided to exploit a 
thermally activated cleavage reaction to induce the self-assembly process. For this purpose, we 
developed a new library of uracil derivatives bearing a tert-butyloxycarbonyl (BOC) protecting group 
at the imidic nitrogen of the uracil recognition site (Figure 2.3).  
 
Figure 2.3 Molecular structures of molecular modules 91-93, bearing respectively two, three and four BOC protective groups 
at each imidic nitrogen of the uracil system.  
The choice of such protective group is mainly centred on its ability to be selectively removed upon 
mild thermal conditions, therefore without using any additional reagent that can hamper the H-
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bonding mediated self-assembly process. Moreover, preventing the formation of the homomolecular 
recognition process and due to the presence of the tert-butyl chains, such group is considered an ideal 
function to increase the solubility of the single modules and therefore of their processability. Each 
molecular module possesses different geometrical features and a different number of recognition sites 
(two, three and four, respectively), that in the presence of the complementary module 84 under thermal 
activation undergo supramolecular polymerization, originating novel nanostructured morphologies 
featuring different geometrical and structural topographies (Figure 2.4). 
 
Figure 2.4 Schematic representation, using PM3 optimized molecular structures, of the thermal induced self-assembly 
process between the BOC protected molecular modules and the diacetylaminopyridine unit 84, leading to different kinds of 
supramolecular assemblies (lateral chains of module 84 are not displayed for clarity). 
Additionally, from the thermal-induced self-assembly of linear molecule 91 with complementary 
di(acetylamino)pyridine derivative 84, the formation of linear extended nanostructure was expected as 
a consequence of the molecular geometrical constraint, presenting their respective recognition 
moieties at 180° from each other. In the case of the assemblies [92!84]n and [93!84]n, due to the bi-
dimensional features characterizing the uracil derivatives, the formation of two different types of 2-D 
supramolecular arrays was expected.  
At the mechanistic level, the self–assembly mechanism between these modules was induced by 
thermal stimulation of a binary equimolar mixture containing molecular modules 91, 92 or 93 with 
their complementary unit 84. When the temperature of the resulting mixture was raising to a sufficient 
level, the pyrolysis of the BOC protective group occurred inducing the restoration of the ADA 
recognition properties of the uracil function. 
In our project, the self-assembly process between the BOC protected uracils modules 91-93 and the 
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complementary unit 84 and therefore the final morphology of the resulting supramolecular 
nanostructures were strictly related to the thermal deprotection of the imidic systems of the uracil 
fragment. Since the data present in literature about this approach were somehow restricted, in this 
work it is reported the characterization of the thermal deprotection reaction by combining different 
analytical techniques, such as TGA, 1H-NMR, UV-Vis and fluorescence spectroscopy. 
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2.2 Synthesis and Characterisation of the BOC-Protected Modules 
In this section the rational behind the design of the single molecular modules along with the synthetic 
pathways adopted for their preparation have been reported. In the first section the synthetic pathway 
toward the preparation of novel BOC-protected molecular modules 91-93 is reported in detail, 
whereas in the second section a brief overview about the synthetic route leading to the preparation of 
the known di(acetylamino)pyridine derivative 84 is described. 
 
2.2.1 Synthesis of the BOC-Protected ADA Molecular Modules 
The structure of molecular modules 91-93 is mainly composed of two different parts: the BOC 
protected uracil moiety, responsible for the thermally induced self-assembly process, and a multi-
substituted rigid aromatic core, determining the geometry of the molecular module, supposed to direct 
the morphology of the resulting nanostructure. The retrosynthetic approach used for their preparation 
is shown in Figure 2.5. The synthetic pathway is mainly based on the exploitation of the 
Sonogashira[8] cross-coupling reaction between the BOC protected iodouracil derivative 96, that 
represent the recognition unit of the single molecular modules, and three differently-substituted 
aromatic cores 98, 100 and 103. 
 
Figure 2.5 Illustrative retrosynthetic pathway used for the preparation of molecule 91 from the respective iodinated uracil 
derivative 96 and diethynylated aromatic precursor 98 through a two-steps Sonogashira cross-coupling reaction. 
We have decided to use ethynyl linkers to couple the H-bonding recognition units to the aromatic 
cores to impart a linear geometry and at the same time a certain degree of flexibility able to facilitate 
the molecular recognition process between the single molecular modules. To perform the coupling 
between the two moieties, it was necessary to modify the uracil fragment by introducing an iodine 
atom, which would allow the exploitation of the Sonogashira type C-C cross coupling reactions 
(Figure 2.5). Notably, in order to endow some solubility to the final molecules, we also introduced a 
hexyl chain at the uracil N1 position. BOC protected 1-hexyl-6-iodo uracil 96 was prepared using a 
four steps protocol, starting from the commercially available uracil, that is reported in Scheme 2.1. 
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Scheme 2.1 Synthetic pathway adopted for the preparation of the BOC protected iodouracil derivative 96; a) 1-bromohexane, 
K2CO3, DMSO, 40 °C, 16 h, 44% b) LDA, I2, THF, -78 °C, 60%; c) BOC2O, pyridine, AcCN, 60 °C, 40%. 
1-Hexyluracil 94 (44%) was obtained by alkylation at N1 position of the uracil scaffold by treatment 
with 1-bromohexane in the presence of K2CO3 and DMSO. Alkylation of uracil at N1 position is not 
preferential and as a result of this reaction also the di-alkylate product (at positions N1 and N3) is 
obtained (35%). Molecule 94 was then treated with LDA in THF at -78 °C to give C6 lithiated 
intermediate, which reacted with I2 to afford iodinate synthon 95 in 60% yield. Finally the treatment of 
derivative 95 with BOC2O in a mixture of pyridine and AcCN at 60 °C overnight, afforded BOC-
protected iodouracil derivative 96 in 40% yield. In parallel, bis- and tris-ethynylated benzene cores 98 
and 100 were synthesized starting from halogenated precursors, as reported in Scheme 2.2. 
 
Scheme 2.2 Synthetic pathway adopted for the preparation of the bis- and tris-ethynylated benzene core 98 and 100; a) 
TMSA, [Pd(PPh3)4], CuI, NEt3, THF, r.t. 12 h, 65%; b) 1M aq. KOH, THF/MeOH, 1h, quant.; c) TMSA, [Pd(PPh3)4], CuI, 
NEt3, THF, 80 °C. 12 h, 90%. 
1,4-Di(ethynyl)benzene 98 and 1,3,5-tri(ethynyl)benzene 100 were successfully obtained by reaction 
of TMSA under classic Sonogashira conditions ([Pd(PPh3)4] and CuI as catalysts, NEt3 as base and 
THF as solvent) with the iodinated and brominated (respectively) aromatic precursors (Scheme 2.2). 
Both protected intermediates 97 and 99 were efficiently deprotected by treatment with a solution of 
KOH (1M) in a mixture of THF/MeOH (2:1). 
Differently from the previous cases, the preparation of the pyrene based core started from the 
unfunctionalized pyrene. Tetrabrominated precursor 101 was synthesized by refluxing commercially 
available pyrene in nitrobenzene in the presence of Br2. After 15 minutes a green precipitate was 
formed and the heterogeneous phase was allowed to react for other 4 hours. After the addition of 
EtOH, the tetrabrominated product 101 was isolated by suction filtration as a pale green solid. 
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Scheme 2.3 Synthetic pathway adopted for the preparation of the tetraethynylated pyrene derivative 103; a) Br2, reflux, 
Nitrobenzene, 79%; b) TMSA, [Pd(PPh3)4], CuI, NEt3, THF, r.t. 12 h, 88%; c) 1M aq. KOH, MeOH/THF, 1 h, quant. 
Unfortunately, 1,3,6,8-tetrabromopyrene 101 resulted to be insoluble in all common organic solvents 
and could only be characterised by IR and EI-MS. When molecule 101 reacted under Sonogashira 
conditions with TMSA in the presence of [Pd(PPh3)2Cl2], CuI and PPh3, it yielded TMS-protected 
tetraethynylated derivative 102 (88%) as a highly soluble crystalline orange solid. In this case due to 
the presence of the solubilizing TMS groups, it was possible to exhaustively elucidate the structure of 
102 through the common analytical techniques such as IR, NMR and EI-MS. The subsequent cleavage 
of the TMS protecting groups by dispersion of 102 in MeOH/THF (2:1) in the presence of 1M 
aqueous solution of KOH afforded tetra(ethynyl)pyrene 103 as a yellow solid, presenting a very low 
solubility in the conventional organic solvent. The targeted modules bearing the BOC-protected uracil 
sites was prepared by Sonogashira reaction of the BOC protected 1-hexyl-6-iodouracil 96 with the 
corresponding ethynylated benzoid derivatives, 1,4-bis-(ethynyl)benzene 98, 1,3,5-
tris(ethynyl)benzene 100 and 1,3,6,8-tetra(ethynyl)pyrene 103 to yield modules 91, 92 and 93 
respectively (Scheme 2.4). 
 
Scheme 2.4 Synthetic pathway toward the construction of the final molecular modules 91-93; a) 98, [Pd(PPh3)4], CuI, Et3N, 
THF, r.t., 12 h, 70%; b) 103, [Pd(PPh3)4], CuI, Et3N, THF, r.t., 12 h, 40%; c) 101, [Pd(PPh3)4], CuI, Et3N, THF, 40 °C, 12 h, 
40%.  
Di-, tris- and tetra-uracil bearing modules 91, 92 and 93 showed a remarkably high solubility in many 
organic solvents, if compared with the previously synthesized analogues not bearing the BOC group. 
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As a matter fact, in the case of bis-uracil module 91 it was possible to isolate the final compound 
through CC (SiO2; EtOAc/CHX 1:1), whereas in the case of molecules 92 and 93 a precipitate was 
formed during the reaction (indicating the successful formation of the targeted compounds) as a 
probable consequence of the formation of extended π-π interactions favoured by the polar solvent such 
as NEt3. Therefore in these cases the crude mixtures were directly concentrated under reduced pressure 
and the purification was carried out by repeated precipitation cycles from CHCl3 upon increasing 
additions of MeOH. In any case, due to the high solubility of these modules in mildly polar solvents 
such as CHCl3 or THF, it was possible to characterize both modules 92 and 93 with the normal 
spectroscopic techniques, such as 1H-NMR, 13C-NMR, IR and ESI-MS. 
 
2.2.2 Synthesis of the DAD Molecular Modules 
As for the preparation of molecular angular modules 91-93 and linear unit 84, it was decided to use the 
Sonogashira cross-coupling reaction to link the aromatic core to the molecular receptor subunits. For 
this reason the first stages of the synthetic pathway leading to the preparation of molecular module 84 
were focusing on the synthesis of two intermediates, 106 and 107 (Figure 2.6). 
 
Figure 2.6 Retrosynthetic pathway used for the preparation of the linear di(acetylamino)pyridine derivative 84 from the 
respective molecular recognition fragment 106 and the diiodinated aromatic precursor 107 through a double Sonogashira 
cross-coupling reaction. 
Diiodinated intermediate 107 was synthesized accordingly to the literature procedure developed by 
Swager and co-worker.[9] Concerning pyridine derivative 106 was instead prepared starting from the 
commercially available 4-bromo derivative. Treatment of such compound with Ac2O in the presence 
of pyridine in CH2Cl2 at 0 °C for 1 hour, afforded the halogenated di(acetylamino)pyridine derivative 
104 that was subsequently submitted to a Sonogashira cross-coupling with TMSA in the presence of 
[Pd(PPh3)4], CuI, as catalysts, and THF, DMF and Et3N as solvents, leading to TMS-protected 
acetylenic derivative 105 in 60% yield. Subsequent deprotection from the TMS group was performed 
through basic treatment of a THF/MeOH (2:1) solution of 105 with 1M solution of KOH, yielding 
terminal acetylene derivative 106 in quantitative yield (Schema 2.5). 
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Scheme 2.5 Synthetic pathway toward the preparation of the DAD derivative 84; a) Ac2O, Pyr, CH2Cl2, 1h, quant.; b) 
TMSA, [Pd(PPh3)4], CuI, THF, Et3N, DMF, 80 °C, 60%; c) KOH 1M, THF/MeOH (2:1), quant.; d) 107, [Pd(PPh3)4], CuI, 
THF/Tol (2:1), Et3N, 85 °C, 40%. 
Finally, final molecular module 84 was obtained performing a double Sonogashira cross-coupling 
reaction between molecular recognition subunit 106 and diiododerivative 107, using [Pd(PPh3)4] and 
CuI as catalyst in a mixture of THF and toluene (2:1) at 85 °C in the presence of Et3N as organic base. 
Differently from the previous reported synthesis,[7] in this case, no formation of precipitate was 
observed at the end of the reaction time as a probable consequence of the presence of long alkyl chains 
on the final product. Indeed, these dodecyl fragments were the structural responsible for the enhanced 
solubility of the di(acetylamino)pyridinic module 84, that made this molecule an effective candidate 
for the supramolecular self-assembly studies in solution. 
 
2.3 Characterization of the Thermal Deprotection Process 
To characterize the thermally-induced BOC-deprotection reaction, thermogravimetric analysis (TGA) 
of BOC protected modules 91-93 was firstly carried out (Figure 2.7). TGA is a technique in which the 
mass of a substance is monitored as a function of temperature as the sample specimen is subjected to a 
controlled temperature program in a controlled atmosphere.[10] TGA measurements are used primarily 
to determine the decomposition of materials and to predict their thermal stability at temperatures up to 
1000 °C. This technique can characterize materials that exhibit weight loss due to decomposition, 
oxidation, or dehydration processes and it is especially useful for the study of polymeric materials,[11] 
including thermoplastics,[12] elastomers[13] and composites.[14] The TGA instrumental equipment 
consists of a sample pan that is supported by a precision balance. That pan resides in a furnace and is 
heated or cooled during the experiment. The mass of the sample is monitored during the experiment 
while a purging gas controls the sample environment. The gas may be an inert (such as Nitrogen or 
Argon) or a reactive gas (such as Oxygen or Air) and it is constantly flowing through the furnace and 
therefore over the sample exiting through an exhaust. 
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Figure 2.7 Molecular structures (a) of the modules 91-93 submitted to the TGA analysis. Temperature-modulated TGA plots 
(b) of derivatives 91, 92 and 93 (blue, black and red lines respectively) recorded under a N2 flow of 60 mLmin-1. 
Summarizing table (c) reporting the main values of experimental weight loss (%) and the relative deprotection temperature 
calculated for each module, during the TGA analysis. 
In a typical experiment, a known amount of compound was exposed, under inert N2 flow, to a 
variation of temperature ranging from 50 to 300 °C. In the case of molecular modules 91 and 92 the 
total weight loss observed was in good agreement (28.39 and 28.43 % respectively) with the 
theoretical value for the loss of all BOC groups (28.40 and 28.50 % respectively). Only in the case of 
the pyrenic derivative 93 a small difference between the calculated (27.10 %) and the experimental 
(24.90 %) weight loss percentage was detected. This difference is explainable taking in consideration 
the low stability of the pyrene core at temperatures over 250 °C which seems to undergo further 
weight loss affecting the final measurement. From the weight loss of molecules 91-93, it was possible 
to elaborate the first derivative curve presenting a maximum peak at 144, 139 and 131 °C respectively 
(Figure 2.7c); these values can be considered to be the average temperatures at which the pyrolysis of 
the BOC groups occurs at the highest speed and can be therefore exploited as the operative 
temperatures to induce the thermal cleavage with the maximum efficiency.  
To further confirm the selective thermal deprotection and the integrity of the deprotected synthons 
after the thermal measurements, the organic residues were characterized by 1H-NMR spectroscopy in 
DMSO (Figure 2.8). The 1H-NMR spectra of compounds 91-93 showed the total disappearance of the 
BOC proton resonances centred at 1.60 ppm and the onset of a broad resonance at 11.5 ppm, which is 
unambiguously attributed to the imidic protons of the free uracil moieties. The other signals were 
maintained, confirming that the molecular skeleton of both molecule 97 and 98 was preserved and that 
only BOC groups were efficiently removed after thermal treatment.  
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Figure 2.8 1H-NMR spectra obtained form the derivative 91 before (top) and after (bottom) having been submitted to the 
TGA measurements, in CDCl3 and DMSO-d6, respectively. It is evident the disappearance of the BOC singularity at 1.8 ppm 
and the appearance of a broad signal at 11.5 ppm imputable to the imidic hydrogen of the uracil moiety. 
Unfortunately in the case of compound 93, the residue obtained from the TGA analysis was not 
characterizable through the normal 1H-NMR techniques as a consequence of its extremely low-
solubility deriving from the formation of extended H-bonds. Therefore, in order to obtain more 
detailed information about the effective temperature range over which the self-assembly can occur 
without destroying the deprotected pyrenyl module, TGA analysis of deprotected molecule 93a was 
also performed over the same interval of temperature (Figure 2.9).  
 
Figure 2.9 Molecular structure (a) of deprotected pyrene derivative 93a. Combined T-dependent weight-loss profile (b) for 
molecules 93 (black curve) and 93a (red curve). (c) Combined derivatives of the weight-loss curves for molecules 93 and 93a 
(black and red curves, respectively) showing a maximum peak centred at 130.8 °C and no meaningful variations for 93a. 
The comparison between the thermal behaviour of molecules 93 and 93a remarkably shows the 
presence of a weight loss of 24.90 % imputable only at the presence of the BOC protective group. The 
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with the theoretical one calculated for the loss of all four BOC
groups (27.0%). From the weight loss of molecule 1, it was
possible to elaborate the first derivative curve presenting a
maximum peak at 130.8 !C (Figure 2b, black curve); this can
be considered to be the average T at which the pyrolysis of the
BOC group occurs at the highest speed.
To obtain information about the effective T range over which
self-assembly can occur without destroying the deprotected
pyrenyl module, TGA analysis of molecule 1a was also per-
formed over the same T interval. The TGA plot (Figure 2a,
red curve) first showed a “plateau” region (from 50 to 180 !C)
in which the module can be considered to be thermally stable
because of the absence of any significant change in its weight
(weight loss <0.5%). In the second part of the curve (from
180 until 300 !C), the weight loss increases until reaching a
maximum of 6%. By combining the two weight-loss profiles
of molecules 1 and 1a, the range of T (from 90 to 180 !C) can
be obtained in which thermal deprotection can be carried out
without side decomposition effects.
To shed further light on the thermally activated self-
assembly process, UV-vis absorption and emission measure-
ments in solution were carried out as a function of T. The
absorption and emission spectra of molecules 1 and 2 in o-
DCB are presented in Figure 3a,b. Molecule 1 exhibits
structured absorption and emission features related to the
presence of the central pyrenyl core.51 Quite similar absorp-
tion and emission profiles are reported for molecule 1a
(Supporting Information S3),51 indicating that the presence
of the BOC groups does not alter, as expected, its photo-
physical properties. Molecule 2 exhibits intense absorption
and emission features with maxima at 383 nm (ε = 39 000
M-1 cm-1) and 433 nm, respectively. The stability of mole-
cule 1was investigated by variable-temperature (VT)UV-vis
absorption spectroscopy by varying the T of the solution
from 20 to 150 !C. A small blue shift was observed (5 nm) in
the absorption spectra from 480 to 475 nm (Figure S3). These
spectral changes are completely reversible upon cooling
the sample, indicating that tetratopic module 1 is stable to
decomposition at the T needed for the thermal cleavage
of BOC, in agreement with what is observed with the TGA
measurements.
The absorption and emission spectraof the solution containing a
1:1 molar ratio of molecules 1 and 2 prepared without any T
treatment is an algebraic sum of the components (Figure S3)
indicating the absence of intermolecular interactions. Interestingly,
upon addition of an equimolar solution of linear module 2 to a
preheated (150 !C for different time intervals and then cooled to
20 !C) 17μMsolution of tetratopic pyrene1, a progressive decrease
in the absorption feature at 480 nm and the concomitant onset of a
new band at 505 nm (Figure 3c) were observed. The emission
spectra recorded under identical conditions exhibited a decrease
in fluorescence intensity (Figure 3d). These observations, along
with the formation of a new red-shifted absorption band and the
quenchingof thepyrene-centered fluorescence, are attributed to the
formation of H-bonded supramolecular assemblies initiated by the
thermal cleavage of the BOC protecting group.51,52 This was
further proven by the addition of 0.2 mL of DMSO, in which we
observeda complete restorationof absorptionand emission spectral
profiles, showing the disruption of the triple-hydrogen-bonding
interactions and, accordingly, of the supramolecular assemblies.
Figure 2. TGA profiles. (a) Combined T-dependent weight-loss profile for molecules 1 (black curve) and 1a (red curve). (b) Combined
derivatives of theweight-loss curves formolecules 1 and 1a (black and red curves, respectively) showing amaximumpeak centered at 130.8 !C
and no meaningful variations for 1a.
Figure 3. (a) Absorption and (b) emission spectra of molecules 1
and 2 in o-DCB; (c) absorption and (d) emission spectral
changes of a 17 μM solution of pyrene 1 in o-DCB, held at
150 !C for different time periods (see the graph) and cooled to
20 !C, upon addition of an equimolar solution of 2. Upon
addition of 0.2 mL of DMSO, a complete restoration of the
algebraic sum of the absorption and emission spectra of an
equimolar mixture of 1 and 2 was observed, thus showing the
reversibility of the H-bonded polymer; all emission spectra
were recorded after excitation at 357 nm. Variable-tempera-
ture (inset of d) absorption spectra of the [1a 3 2]n assembly
starting from 313 K (red line) until 403 K (black line), with the
restoration of the spectra resembling the algebraic sum of the
individual components at 413 K and clearly showing the
reversibility of the process induced by the thermal disruption
of the hydrogen-bonding system.
(52) Yoosaf, K.; Belbakra, A.; Armaroli, N.; Llanes-Pallas, A.; Bonifazi, D.
Chem. Commun. 2009, 2830.
99a 
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CHAPTER(II((((((((((((((((((((((((((((((((((((((((((((Thermal(nanostructuration(of(H8bonded(supramolecular(polymers 
 
   54 
thermogravimetric profile of 93a showed firstly a “plateau” region (from 50 to 180 °C) in which the 
module can be considered to be thermally stable because of the absence of any significant change in 
its weight (weight loss < 0.5%, comparable with the difference noticed with modules 91 and 92). In 
the second part of the curve (from 180 until 300 °C), the weight loss increases until reaching a 
maximum of 6%. By combining the two weight-loss profiles of molecules 93 and 93a, it can be 
concluded that the molecular framework is thermally stable until 180 °C. 
  
2.4 Self-Assembly and Self-Organization of the BOC Protected Ethynylbenzene 
Molecular Modules  
In order to characterize the self-organization process of the H-bond based supramolecular polymers 
induced by the thermally triggered BOC deprotection process, TM-AFM investigations were 
performed combining angular modules 91 or 92 with linear unit 84, followed by a thermal treatment at 
about 140 °C. At the operative level, a mixture of CH2Cl2 with high-boiling solvents (such as o-Xylen, 
b.p. = 145 °C) was used as media to perform the thermal polymerization. 
Due to the lowest degree of molecular complexity, the first assembly to be studied is the one between 
the two complementary linear units 91 and 84 (Scheme 2.6). In this context, the thermal stimulation of 
a solution containing the two modules should induce the pyrolysis of the BOC group, inducing the 
formation of the H-bonding active module 91a, able to undergo self-assembly with complementary 
unit 84, inducing in this way the formation of a highly π-conjugated linear supramolecular copolymer. 
 
Scheme 2.6 Schematic representation of the self-assembly process between molecular modules 91 and 84, induced by the 
thermal removal of the BOC protecting group. Due to the linear structure of the two complementary units the formation of 
the linear supramolecular copolymer [91a"84] is expected. 
In a typical experiment, a 1:1 mixtures of molecules 91 and 84 were prepared in a CH2Cl2/o-Xylene 
(9:1) solution, drop casted on a freshly cleaved mica surface, and heated at 145 °C under Ar 
atmosphere for 15 min. As intuitively expected from their molecular shape and their reciprocal 
positioning of the recognition sites, the combination of 91 and 84 led to the formation of linear 
structures resembling rods or blocks with nanoscopic dimensions (Figure 2.10a, b, d, e). 
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Figure 2.10 TM-AFM height images, at different magnifications (a,b and d,e), of the self-organized nano-objects obtained 
after thermal stimulation at 145 °C of a solution containing 91 and  84, leading to the formation of H-bonded supramolecular 
polymer [91a"84] on mica surface. Representative profile (c) of the nanostructure obtained (relative to the yellow dotted line 
of image a). 3D representation (f) of the AFM topography of image e); a “thermic” color scale bar is adopted to facilitate the 
identification of the identification of the different layered structures. 
The observed rectangular objects exhibited a flat surface with a linear shape and well-defined borders. 
The average dimensions of the objects ranged from 50 to 500 nm in length, from 40 to 200 nm in 
width, and from 1 to 9 nm in height. In all the obtained AFM images, it was possible to observe the 
formation of a multi-layered system (Figure 2.10f) in which the nanostructures were distributed on the 
mica surface in different planar objects one on the top of the other. From the profile analysis of the 
sample obtained (Figure 2.10c) the average height of each one of this layer was calculated to be of 2.2 
nm with maximum variations from this value of ca. 2.0.  
By comparison with the structures obtained by direct mixing of modules 91a and 84 (Figure 2.11), 
increased homogeneity of the nanostructures is evidenced. Indeed, in the case of the direct mixing of 
molecules 91a and 84 in CHX at a 1:1 molar ratio, a precipitate was immediately detected, indicating 
the formation of an insoluble supramolecular polymeric aggregate, which cannot be dissolved at 
temperatures as high as 353 K. Therefore, to avoid the formation of intractable materials, the 
nanostructuration studies were carried out in toluene, which also exhibits low polarity but it more akin 
to dissolve organic conjugated aromatic systems.  
AFM images of the nanostructures deposited from a toluene suspension on mica and recorded at 
different areas of the sample indicated the presence of wires-like morphologies of length above 400 
nm and width ~30 nm (Figure 2.11). Even if, also in this case, linear nanostructures were originated 
from the assembly process, their morphology seemed to be strictly affected from secondary 
aggregation phenomena that resulted in an increase of the bundling of the single nanofibers.  
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Figure 2.11 AFM images (a-c) at different magnifications of the wire-like nanostructures obtained form the direct mixing of 
molecular modules 91a and 84 as organized in toluene and deposited on mica.  
We tentatively explained it by considering that the thermally induced self-assembly of 91a and 84 
occurs directly on the surface and thus in a confined environment, which having fewer degrees of 
freedom reduces the number of possible secondary aggregation phenomena. Moreover, the aliphatic 
lateral chains present on both complementary modules can foster aggregation of the supramolecular 
system in solution by means of secondary solvophobic interactions. At the solid/liquid interface not 
only this effect may be reduced, but the interaction between the single molecules and the surface can 
increase the order of the system and thus favour the formation of flat, well-defined nanostructures. 
Remarkably, surface-modulation of the self-organization process is strongly dependent on the 
concentration of the deposited molecular modules. At higher concentration, at which the interaction 
with the surface is less extensive and thus the intermolecular interactions dominate, no ordered 
nanostructures were observed (Figure 2.12a-d). Indeed, upon increasing the concentration of the 
modules (from 0.14 mM to 1.14 mM) the formation of a completely amorphous organic structure was 
observable by AFM analysis. In this case, through the profile analysis of the resulting surface, it was 
impossible to evaluate the formation of any planar or regular structure resembling the multi-layer 
systems obtained using the BOC protected modules 91 (Figure 2.12c). 
 
Figure 2.12 TM-AFM height images, at different magnifications, of the amorphous objects obtained after thermal 
stimulation of a 1.4 mM solution containing modules 91 and 84 (a,b) assemblies on mica surface. Representative profiles of 
the surface after the deposition of supramolecular polymer [91"84]n at 1.4 mM concentration. (c) 3D representation of the 
AFM topographies of image (a). 
The same operative procedure was used for the characterization of the nanostructured material 
deriving from the self-assembly process between the BOC protected module 92 and the linear 
complementary unit 84. Due to the three-folded structure of building block 92, that bears three BOC 
protected uracilic systems with an angle of 120°, the association process with molecular module 84 
was expected to induce the formation of extended bidimensional planar nanostructures (Scheme 2.7) 
(d) (e) (f)
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Scheme 2.7 Schematic representation of the self-assembly process between molecular modules 92 and 84 inducing the 
formation of the active compound 92a by thermal removal of the three BOC protecting groups leading to the formation of the 
2-D supramolecular copolymer [92a"84]. 
TM-AFM investigations of the binary mixture of molecules 92 and 84 (0.12 mM) in a mixture of 
CH2Cl2 and o-Xylene (9:1), followed by thermal treatment on mica surface, unexpectedly showed the 
formation of nano-objects with circular shapes, resembling that of a ring or a crown (Figure 2.13 a-c). 
The average dimensions of the objects estimated through AFM analysis ranged from 680 to 860 nm 
and 290 to 390 nm in outer and inner diameter, respectively, and from 1 to 4 nm in height. The 
presence of these circular nanostructures has been observed on all the samples submitted to the 
thermal treatment process, showing a homogeneous distribution all over the surface, with a 
remarkably low presence of secondary aggregated material. At higher concentrations (1.2 mM), the 
presence of such circular-shaped nanostructures was still noteworthy, even if a morphological change 
in the final nanostructure occurred (Figure 2.13d,e). Indeed, a layer of flat and planar organic material 
seemed to have originated from the previously cited ring structures, finally covering the entire mica 
surface (Figure 2.13). The unique geometrical features of these assembled objects can be tentatively 
attributed to a biphasic nature of the self-assembly/self-organization processes, which could originate 
from a nucleation step, taking place during the thermal polymerization process and responsible for the 
formation of the ring shaped nanostructures. As a consequence of the three-folded geometry of module 
92, assembly [92a"84]n could give birth to a flat nanostructured system at higher concentrations, 
possibly covering the entire surface. 
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Figure 2.13 TM-AFM height images, at different magnifications, of the self-organized circular nanostructures obtained after 
thermal stimulation at 145 °C of a 0.12 mM (a-c) and 1.2 mM (e-g) solutions containing the supramolecular polymer 
[92"84]n, leading to the formation of the H-bond based supramolecular polymer [92a"84] on mica surface. Representative 
profiles (d,g) extrapolated from the nanostructure present into the image c and g, respectively. 
This example suggested how a univocal correlation between the molecular structure of the organic 
module and the architecture of the nano-objects is difficult to be achieved. Thus, the elucidation of the 
mechanisms of formation of the observed nanostructures would need an inquiry into the link between 
molecular short-range and macromolecular long-range scales. In principle, a promising framework for 
this approach would be supplied by the theories of self-assembling patterns and interfaces, 
successfully exploited and improved over the years to understand the complex energetic and geometric 
issues of self-organized dispersions such as micelles, vesicles, and microemulsions.[15]  
 
2.5 TM-AFM Investigations on the Isolated Compounds 
Due to the complexity of the self-assembly/self-organization mechanism (occurring at the solid-liquid 
interface and involving elevated temperatures) and in order to prove that the nanostructures obtained 
from the previously mentioned procedure are effectively correlated to the formation of a bi-
components supramolecular systems produced by the thermal cleavage of the BOC protecting group, a 
series of detailed microscopic investigations were performed on the single compounds and on the 
thermally untreated mixtures. As expected, deposition on Mica surface of both single modules 91 and 
92 led to the formation of amorphous material, as a consequence of the lack of self-complementary H-
bonding interactions. As a consequence of the lack of directional interactions such as H-bonds, it is 
logic to hypothesize that the most effective driving process inducing the aggregation of the material on 
the mica surface is the evaporation process and the intermolecular forces between the solvent 
molecules and the solutes. Similar results were obtained from the deposition at room temperature of 
mixture [91-84]n and [92-84]n. Also in this case, the formation of completely amorphous material 
occurred, underlying the importance of the presence of the H-bonding molecular recognition units for 
the nanostructuration process (Figure 2.14). 
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Figure 2.14 TM-AFM height images, at different magnifications, of the self-organized nano-objects obtained after drop-
casting of molecules 84, 91 and 92 on mica surface (a, b and c respectively from a CH2Cl2/o-Xylene solution). TM-AFM 
images of supramolecular polymers [91"84]n, [92"84]n (d and e, respectively) without any thermal treatment. 
 
2.6 Self-Assembly and Self-Organization of the BOC-Protected Pyrenyl 
Molecular Modules 
As in the case of the self-assembly process between molecular modules 92 and 84, thermal induced 
deprotection of the four BOC groups of molecule 93 should induce the formation of an extended 2-D 
supramolecular system held together by H-bonds interactions (Scheme 2.8). 
 
Scheme 2.8 Schematic representation of the self-assembly process between molecular modules 93 and 84, induced by the 
formation of the active compound 93a by thermal removal of the four BOC protecting groups leading to the formation of the 
2-D supramolecular copolymer [93a"84]. 
1514 DOI: 10.1021/la104276y Langmuir 2011, 27(4), 1513–1523
Article Marangoni et al.
the formation of supramolecular polymers, macromolecular
structures in which single monomers are held together through
reversible noncovalent interactions.28-30 Our work on self-
assembled and self-organized microstructures started with the
preparation of vesicular nanostructures under temperature
and solvent polarity control (i.e., through solvophobic/solvo-
philic interactions that are established in binary or ternary
supramolecular adducts) by means of supramolecular ensem-
bles formed through the recognition of complementary31-33
monouracyl and bis-2,6-di(acetylamino)pyridyl H-bonding
moieties.34 Along these lines, we also prepared a library of
nine chromophoric acetylenic scaffolds also peripherally
equipped with 2,6-di(acetylamino)pyridine or uracyl-type
terminal fragments that, by taking advantage of self-assembly
and self-organization, drove the formation of nanostructures
of different shapes and sizes such as nanoparticles, nanove-
sicles, nanofibers, and nanorods, also with helicoidal or circular
variants.34 In parallel, a thermally activated cleavage reaction
leading to self-assembly has also been exploited with newly
synthesized molecular modules exhibiting uracyl recognition
sites protected with a tert-butyloxycarbonyl (BOC) group.34 This
strategy allowed us to obtain further control of the self-assembly/
self-organization process, obtaining ordered linear nanostructures
or hollowed circular nanoobjects, by temperature control. In fact,
the BOC group was easily and quantitatively removed upon
heating35 and the molecules became more soluble and thus easier
to process in organic solvents, which would otherwise be impos-
sible for molecules with multiple uracyl residues. This was the
starting point for the preparation as well as the spectroscopic and
microscopic characterization of the thermally activated self-as-
sembly/self-organization of novel BOC-protected tetratopic pyr-
ene 1 and linear di(acetylamino)pyridine 2 reported in this work.
Upon thermal heating,35 the four hydrogen-bonding-based recog-
nition sites in the uracilic moieties of molecule 1 would be depro-
tected to yield 1a, which is capable of establishing complementary
triple hydrogen-bonding interactionswith the 2,6-(diacetylamino)-
pyridine (donor-acceptor-donor, DAD) sites (Scheme 1), thus
seeding the controlled hierarchical organization of 1a and 2. In
this way, the geometrically constrained association of the single-
molecular module produced nanostructures31-33 of extremely
precise geometry, which resemble the shape of a crater.
From a mechanistic point of view, the morphologies resulting
from the self-assembly and self-organization processes at the
molecular level on a substrate from colloidal, polymeric, surfac-
tant or nanoparticle solutions can be a complex combination of a
number of heterogeneous variables. When macromolecular sys-
tems are processed, the final patterns are generally influenced by
several phenomena such as solvent dewetting and evaporation,36-38
Scheme 1. Schematic Representation of the Thermally Induced Self-Assembly Process on the Molecular Levela
aAfter the thermally activated cleavage of theBOCgroups, tetratopic uracyl-bearingmolecularmodule 1a undergoes self-assemblywith ditopic linear
module 2, giving rise to H-bonded assemblies [1a 3 2]n.
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To study the molecular behaviour during the thermally activated self-assembly process between the 
pyrene derivative 93 and its linear complementary unit 84, UV-Vis absorption and emission 
measurements in solution were carried out as a function of temperature, in order to take advantage 
from the strong chromophoric features of both molecules. For this purpose o-DCB was chosen as 
experimental solvent, due to its high boiling point (180 °C) that gave us the possibility to explore a 
wide range of temperature and at the same time to provide an apolar environment able to favour the 
formation of multiple H-bonds systems in solution. The absorption and emission spectra of molecules 
93 and 84 in o-DCB are presented in Figure 2.15 (a,b). Molecule 93 exhibited structured absorption 
and emission features related to the presence of the central pyrenyl core comparable to the one 
reported in literature.[16] Quite similar absorption and emission profiles are reported for molecule 93a 
indicating that the presence of the BOC groups does not alter, as expected, the photo-physical 
properties of the final molecule. 
 
Figure 2.15 (a) Absorption and (b) emission spectra of molecules 93 and 84 in o-DCB; (c) absorption and (d) emission 
spectral changes of a 17 μM solution of pyrene 93 in o-DCB, held at 423 K for different time periods (see the graph) and 
cooled to 293 K, upon addition of an equimolar solution of 84. Upon addition of 0.2 mL of DMSO, a complete restoration of 
the algebraic sum of the absorption and emission spectra of an equimolar mixture of 93 and 84 was observed. Variable-
temperature (inset of d) absorption spectra of the [93a!84]n assembly starting from 313 K (red line) until 403 K (black line). 
Molecule 84 exhibited absorption and emission features with maxima at 383 nm (λ = 39 000 M -1 cm-1) 
and 433 nm, respectively. The stability of molecule 93 was investigated by variable-temperature VT-
UV-Vis absorption spectroscopy by varying the temperature of the solution from 20 to 150 °C. A 
1516 DOI: 10.1021/la104276y Langmuir 2011, 27(4), 1513–1523
Article Marangoni et al.
with the theoretical one calculated for the loss of all four BOC
groups (27.0%). From the weight loss of molecule 1, it was
possible to elaborate the first derivative curve presenting a
maximum peak at 130.8 !C (Figure 2b, black curve); this can
be considered to be the average T at which the pyrolysis of the
BOC group occurs at the highest speed.
To obtain information about the effective T range over which
self-assembly can occur without destroying the deprotected
pyrenyl module, TGA analysis of molecule 1a was also per-
formed over the same T interval. The TGA plot (Figure 2a,
red curve) first showed a “plateau” region (from 50 to 180 !C)
in which the module can be considered to be thermally stable
because of the absence of any significant change in its weight
(weight loss <0.5%). In the second part of the curve (from
180 until 300 !C), the weight loss increases until reaching a
maximum of 6%. By combining the two weight-loss profiles
of molecules 1 and 1a, the range of T (from 90 to 180 !C) can
be obtained in which thermal deprotection can be carried out
without side decomposition effects.
To shed further light on the thermally activated self-
assembly process, UV-vis absorption and emission measure-
ments in solution were carried out as a function of T. The
absorption and emission spectra of molecules 1 and 2 in o-
DCB are presented in Figure 3a,b. Molecule 1 exhibits
structured absorption and emission features related to the
presence of the central pyrenyl core.51 Quite similar absorp-
tion and emission profiles are reported for molecule 1a
(Supporting Information S3),51 indicating that the presence
of the BOC groups does not alter, as expected, its photo-
physical properties. Molecule 2 exhibits intense absorption
and emission features with maxima at 383 nm (ε = 39 000
M-1 cm-1) and 433 nm, respectively. The stability of mole-
cule 1was investigated by variable-temperature (VT)UV-vis
absorption spectroscopy by varying the T of the solution
from 20 to 150 !C. A small blue shift was observed (5 nm) in
the absorption spectra from 480 to 475 nm (Figure S3). These
spectral changes are completely reversible upon cooling
the sample, indicating that tetratopic module 1 is stable to
decomposition at the T needed for the thermal cleavage
of BOC, in agreement with what is observed with the TGA
measurements.
The absorption and emission spectraof the solution containing a
1:1 molar ratio of molecules 1 and 2 prepared without any T
treatment is an algebraic sum of the components (Figure S3)
indicating the absence of intermolecular interactions. Interestingly,
upon addition of an equimolar solution of linear module 2 to a
preheated (150 !C for different time intervals and then cooled to
20 !C) 17μMsolution of tetratopic pyrene1, a progressive decrease
in the absorption feature at 480 nm and the concomitant onset of a
new band at 505 nm (Figure 3c) were observed. The emission
spectra recorded under identical conditions exhibited a decrease
in fluorescence intensity (Figure 3d). These observations, along
with the formation of a new red-shifted absorption band and the
quenchingof thepyrene-centered fluorescence, are attributed to the
formation of H-bonded supramolecular assemblies initiated by the
thermal cleavage of the BOC protecting group.51,52 This was
further proven by the addition of 0.2 mL of DMSO, in which we
observeda complete restorationof absorptionand emission spectral
profiles, showing the disruption of the triple-hydrogen-bonding
interactions and, accordingly, of the supramolecular assemblies.
Figure 2. TGA profiles. (a) Combined T-dependent weight-loss profile for molecul s 1 (black curve) and 1a (red curve). (b) Combined
derivatives of theweight-loss curves formolecules 1 and 1a (black and red curves, respectively) showing amaximumpeak centered at 130.8 !C
and no meaningful variations for 1a.
Figure 3. (a) Absorption and (b) emission spectra of molecules 1
and 2 in o-DCB; (c) absorption and (d) emission spectral
changes of a 17 μM solution of pyrene 1 in o-DCB, held at
150 !C for different time periods (see the graph) and cooled to
20 !C, up n additi n of an equimolar solution of 2. Upon
addition of 0.2 mL of DMSO, a complete restoration of the
algebraic sum of the absorption and emission spectra of an
equimolar mixture of 1 and 2 was observed, thus showing the
reversibility of the H-bonded polymer; all emission spectra
were recorded after excitation at 357 nm. Variable-tempera-
ture (inset of d) absorption spectra of the [1a 3 2]n assembly
starting from 313 K (red line) until 403 K (black line), with the
restoration of the spectra resembling the algebraic sum of the
individual components at 413 K and clearly showing the
reversibility of the process induced by the thermal disruption
of the hydrogen-bonding system.
(52) Yoosaf, K.; Belbakra, A.; Armaroli, N.; Llanes-Pallas, A.; Bonifazi, D.
Chem. Commun. 2009, 2830.
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small blue shift was observed (5 nm) in the absorption spectra from 480 to 475 nm. These spectral 
changes are completely reversible upon cooling the sample, indicating that tetratopic module 93 was 
stable to decomposition at the temperature needed for the thermal cleavage of the BOC group, in 
agreement with what it was observed with the thermogravimetric measurements. 
The absorption and emission spectra of the solution containing a 1:1 molar ratio of molecules 93 and 
84 prepared without any temperature treatment was an algebraic sum of their components indicating 
the absence of intermolecular interactions. Interestingly, upon addition of an equimolar solution of 
linear module 84 to a preheated (150 °C for different time intervals and then cooled to 20 °C) 17 μM 
solution of tetratopic pyrene 93, a progressive decrease in the absorption feature at 480 nm and the 
concomitant onset of a new band at 505 nm (Figure 2.15a) were observed. The emission spectra 
recorded under identical conditions exhibited a decrease in fluorescence intensity (Figure 2.15b). 
These observations, along with the formation of a new red-shifted absorption band and the quenching 
of the pyrene-centered fluorescence, were attributed to the formation of H-bonded supramolecular 
assemblies initiated by the thermal cleavage of the BOC protecting group.[4, 16] This was further proven 
by the addition of 0.2 mL of DMSO, in which we observed a complete restoration of absorption and 
emission spectral profiles, showing the disruption of the triple-hydrogen-bonding interactions and, 
subsequently, of the supramolecular assemblies. 
 
Figure 2.16 (a) Absorption and (b) emission spectra of a 1:1 mixture of molecules 93 and 84 in o-DCB. Red line showed the 
algebraic sum of the absorption/emission spectra whereas the blue one was the experimentally obtained spectra. 
Similar results were obtained when the absorption spectra of [93a-84]n were recorded as a function of 
temperature (inset of Figure 2.15d). Upon increasing the temperature from 313 to 403 K, a continuous 
decrease in absorption intensity above 500 nm with the concomitant formation of blue-shifted 
absorption, with maxima at around 472 and 447 nm, was clearly observed. As shown in the inset of 
Figure 2.15d, the absorption spectrum at 403 K (black curve) resembles that of the algebraic sum of 
the individual components or that obtained after the addition of DMSO, thus confirming the breaking 
of the supramolecular assembly at high temperature. To characterize the ability of the molecular 
 7 
SUPPORTING S3: UV-Vis absorption and emissio  measurements 
 
Figure S3.1. Absorption and emission spectra of 1 in oDCB and 1a in DMSO 
 
Figure S3.2. Absorption spectral changes of 1 in oDCB during heating and cooling cycles 
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Figure S3.3. Experimental and calculated absorption and emission spectra of a 1:1 mixture of 1 and 2 in 
oDCB 
 
SUPPORTING S4: TGA-Analysis 
 
a) 
a)# b)#
a)# b)#
93 
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93+84 
93+84 
CHAPTER(II((((((((((((((((((((((((((((((((((((((((((((Thermal(nanostructuration(of(H8bonded(supramolecular(polymers 
 
   62 
modules to hierarchically self-organize into more complex objects, TM-AFM imaging was performed. 
The morphologic and geometric characterization of the macroscopic [93a!84]n assemblies was 
performed by drop casting a solution of molecules 93 and 84 (1:1) (20 μL of a 0.12 mM solution in a 
9:1 mixture of DCM/o-xylene) onto mica surfaces heated to different temperature (Figure 2.18)As 
clearly seen in Figure 2.17, the microscopic imaging showed the formation of highly regular discrete 
nanostructures, the morphology of which resembles that of a crater. Such hierarchical nanostructures 
possess highly reproducible structural characteristics that are strictly dependent on the applied 
temperature (Figures 2.17 and 2.18). 
 
Figure 2.17 (a-c) TM-AFM topography of the crater-like self-organized morphologies as obtained from the assembly of 
molecules [93a!84]n in solution on mica surfaces at 145 °C and (d) their 3D representation. (e) Cross-sectional profiles of 
three different nanocraters (See those marked in Figure b). (f) Schematic representation of the nanostructure profile 
displaying some of their distinguished geometrical parameters such as the total height hM, the depth of the central opening hm, 
and the outer radius R. 
The formation of nanocrater structures was observed from 120 to 145 °C, a range of T that perfectly 
fitted with the cleavage temperature of the BOC group as estimated from the TGA analysis under non-
destructive conditions. The total absence of nanostructures at temperatures lower than 120 °C 
suggested that, together with the TGA and the acquired UV-Vis data, some temperatures near or 
below this value give the actual lowest thermal limit at which the deprotection reaction takes place; 
therefore, the self-assembly/self-organization process can occur at the solid-liquid interface of our 
system. However, the impossibility of finding other nanostructured objects at 195 °C can be attributed 
either to the instability of the single modules at that temperature or to an inherent instability of the 
DOI: 10.1021/la104276y 1517Langmuir 2011, 27(4), 1513–1523
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Similar results have been obtained whe the absorption spec-
tra of [1a 3 2]n were recorded as a function of temperature
(inset of Figure 3d). Upon increasing the temperature from
313 to 403 K, a continuous decrease in absorption intensity
above 500 nmwith the concomitant formation of blue-shifted
absorption, with maxima at around 472 and 447 nm, was
clearly observed. As shown in t inset of Figure 3d, the ab-
sorption spectrum at 403 K (black curve) resembles that of the
algebraic sum of the individual components (Figure S.3.3) or
that obtained after the addition of DMSO (Figure 3c), thus
confirming the breaking of the supramolecular assembly at
high temperature. To characterize the ability of the molecu-
lar modules to hierarchically self-organize into more complex
objects, TM-AFM imaging was performed. The morphologic
and geometric characterization of the macroscopic [1a 3 2]n
assemblies was performed by drop casting a solution of mole-
cules 1 and 2 (1:1) (20 μL of a 0.12 mM solution in a 9:1 mix-
ture of DCM/o-xylene) onto mica surfaces heated to different
T (Table 1). As clearly seen in Figure 4, the microscopic
imaging showed the formation of discrete nanostructures,
the morphology of which resembles that of a crater. Such
hierarchical nanostructures possess highly reproducible struc-
tural characteristics that are strictly dependent on the applied
T (Figures 4 and 5).
The formation of nanocrater structures was observed from 120
to 145 !C, a range ofT that perfectly fits the cleavage temperature
of the BOC group as estimated from the TGA analysis under
nondestructive conditions. The total absence of nanostructures at
temperatures lower than 120 !C suggests that, together with the
TGA and the acquired UV-vis data, some T near or below this
value will give the actual lowest thermal limit at which the
deprotection reaction takes place; therefore, the self-assembly/
Table 1. Summary of TM-AFM-Based Resultsa
T(!C) hm(nm) hM(nm) R(nm) Fs(μm-2) 10-3Ænsæ ∼10-3 ÆVsæ(nm3/μm2)
65
90
120 0.21( 0.03 0.51( 0.06 24.1( 9.2 3.75( 1.55 0.49 2.42
131 0.24( 0.06 0.60( 0.18 14.8( 3.7 10.10( 3.11 0.22 2.96
136 0.33( 0.09 0.93( 0.24 31.4( 8.9 8.61( 2.15 1.50 16.93
145 0.24( 0.06 0.69( 0.30 156.5( 7.1 4.67 ( 1.64 27.04 165.64
195
a Symbols and related information are the same as in the text. Geometric properties were not assigned to undetected structures. Minimum (absolute)
errors along the z and x/y directions were set respectively to ∼0.03 and ∼0.1 nm. The medium molecular volume is ν ≈ 1/2(Æν1þ2þBOCæ þ Æν1þ2æ) ≈ 1.31
nm3, with estimated numerical values of Æν1þ2þBOCæ ≈ 1.42 nm3 and Æν1þ2æ ≈ 1.20 nm3 for equimolar systems 1 þ 2 and 1a þ 2, respectively.
Figure 4. (a-c) TM-AFM topography of the crater-like self-organizedmorphologies as obtained from the assembly of molecules [1a 3 2]n in
solution on mica surfaces at 145 !C a d (d) their 3D representation. (e) Cross-sectional pr files of three different nanocraters. (See those
marked inFigure 4b.) (f) Schematic representationof the nanostructure profile displayinggeometrical parametershm, hM,andRmeasured for
every nano-object and utilized fo the extrapolation of the thermodynamic model.
Figure 5. TM-AFMimages showing themorphology evolution of
the nanocraters derived from assemblies [1a 3 2]n at various T: (a)
120, (b) 131, (c) 136, and (d) 145 !C. (e) Panoramic view of the
nanocraters at 145 !C. (f) Three-dimensional graphical representa-
tion of the height distribution percentages of the nanoassemblies at
different T.
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supramolecular nanostructures. 
 
Figure 2.18 TM-AFM images showing the morphologies evolution of the nanocraters derived from the assemblies [93a!  
84]n at various T: (a) 120, (b) 131, (c) 136, and (d) 145 °C. (e) Panoramic view of the nanocraters at 145 °C. (f) Three-
dimensional graphical representation of the height distribution percentages of the nano-assemblies at different T. 
Although we cannot exclude the first reason, the second cause seemed to be more probable as the 
TGA analysis showed a high thermal stability of modules 93a and 84.  
The discoid crater-like shape exhibited by the hierarchical nanoaggregates can be derived from a 
delicate balance between the H-bonded molecular recognition events, the self-organization between 
the self-assembled polymers, and a few physical variables occurring during solvent evaporation under 
the specific temperature at the interface with the solid mica substrate. In fact, if we consider the 
molecular self-assembly alone, it should, in principle, lead to the formation of a 2-D polymeric 
structure, being the organization of which dependent on secondary intermolecular or molecule-surface 
interactions. However, the local change in the solution properties during such process can template the 
morphological aspects of the final structures.[17] In particular, the variation of the geometric and spatial 
features of the morphologies as monitored at different T by means of Atomic Force Microscopy 
(AFM), it has been interpreted by a non-equilibrium diffusion model for two chemical species in 
solution. The formation of nanostructures turned out to be affected by the solid substrate (molecular 
interactions at a solid-liquid interface), by the matter-momentum transport in solution (solute 
diffusivity D0 and solvent kinematic viscosity n), and the thermal-dependent cleavage reaction of the 
BOC functions (T-dependent differential weight loss, q = q (T )) in a T interval extrapolated to ~ 60 K. 
For further details on the theoretical simulations see [18]. 
 
DOI: 10.1021/la104276y 1517Langmuir 2011, 27(4), 1513–1523
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Similar results have been obtained when the absorption spec-
tra of [1a 3 2]n were recorded as a function of temperature
(inset of Figure 3d). Upon increasing the temperature from
313 to 403 K, a continuous decrease in absorption intensity
above 500 nmwith the concomitant formation of blue-shifted
absorption, with maxima at around 472 and 447 nm, was
clearly observed. As shown in the inset of Figure 3d, the ab-
sorption spectrum at 403 K (black curve) resembles that of the
algebraic sum of the individual components (Figure S.3.3) or
that obtained after the addition of DMSO (Figure 3c), thus
confirming the breaking of the supramolecular assembly at
high temperature. To characterize the ability of the molecu-
lar modules to hierarchically self-organize into more complex
objects, TM-AFM imaging was performed. The morphologic
and geometric characterization of the macroscopic [1a 3 2]n
assemblies was performed by drop casting a solution of mole-
cules 1 and 2 (1:1) (20 μL of a 0.12 mM solution in a 9:1 mix-
ture of DCM/o-xylene) onto mica surfaces heated to different
T (Table 1). As clearly seen in Figure 4, the microscopic
imaging showed the formation of discrete nanostructures,
the morphology of which resembles that of a crater. Such
hierarchical nanostructures possess highly reproducible struc-
tural characteristics that are strictly dependent on the applied
T (Figures 4 and 5).
The formation of nanocrater structures was observed from 120
to 145 !C, a range ofT that perfectly fits the cleavage temperature
of the BOC group as estimated from the TGA analysis under
nondestructive conditions. The total absence of nanostructures at
temperatures lower than 120 !C suggests that, together with the
TGA and the acquired UV-vis data, some T near or below this
value will give the actual lowest thermal limit at which the
deprotection reaction tak s plac ; herefore, the self-assembly/
Table 1. Summary of TM-AFM-Based Resultsa
T(!C) hm(nm) hM(nm) R(nm) Fs(μm-2) 10-3Ænsæ ∼10-3 ÆVsæ(nm3/μm2)
65
90
120 0.21( 0.03 0.51( 0.06 24.1( 9.2 3.75( 1.55 0.49 2.42
131 0.24( 0.06 0.60( 0.18 14.8( 3.7 10.10( 3.11 0.22 2.96
136 0.33( 0.09 0.93( 0.24 31.4( 8.9 8.61( 2.15 1.50 16.93
145 0.24( 0.06 0.69( 0.30 156.5( 7.1 4.67 ( 1.64 27.04 165.64
195
a Symbols and related information are the same as in the text. Geometric properties were not assigned to undetected structures. Minimum (absolute)
errors along the z and x/y directions were set respectively to ∼0.03 and ∼0.1 nm. The medium molecular volume is ν ≈ 1/2(Æν1þ2þBOCæ þ Æν1þ2æ) ≈ 1.31
nm3, with estimated numerical values of Æν1þ2þBOCæ ≈ 1.42 nm3 and Æν1þ2æ ≈ 1.20 nm3 for equimolar systems 1 þ 2 and 1a þ 2, respectively.
Figure 4. (a-c) TM-AFM topography of the crater-like self-organizedmorphologies as obtained from the assembly of molecules [1a 3 2]n in
solution on mica surfaces at 145 !C and (d) their 3D representation. (e) Cross-sectional profiles of three different nanocraters. (See those
marked inFigure 4b.) (f) Schematic representationof the nanostructure profile displayinggeometrical parametershm, hM,andRmeasured for
every nano-object and utilized for the extrapolation of the thermodynamic model.
Figure 5. TM-AFMimage sh wing themorphology evolution of
the nanocraters derived from assemblies [1a 3 2]n at various T: (a)
120, (b) 131, (c) 136, and (d) 145 !C. (e) Panoramic view of the
nanocraters at 145 !C. (f) Three-dimensio al graphical representa-
tion of the height distribution percentages of the nanoassemblies at
different T.
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CHAPTER III 
 
SELF-ORGANIZATION OF BINAPHTHOLS INTO CHIRAL FIBRES 
THROUGH H-BONDS 
 
3.1 Introduction 
As a further development towards the preparation of nanostructured supramolecular architecture via 
H-bonds interactions, we have decided to increase the degree of complexity of the geometrical 
informations contained into our self-assembling building blocks. For this purpose we have developed 
a new generation of building blocks, with enhanced 3-D features that at the same time bears an 
element of asymmetry on their central aromatic core. In order to reach this target, it was chosen to 
adopt as geometric core, the 1,1′-bi-2-naphthol (BINOL) moiety (Figure 3.1).[1] Indeed, in this 
compound due to the presence of two hydroxyl groups on the 2 and 2’ position of the binaphthalene 
system, the rotation around the 1,1’ bond is completely hampered, inducing the formation of two 
atropoisomeric forms known as R and S-Binol both provided with axial chirality.[2] Due to these 
factors, the structure of Binol results to be quite peculiar, presenting an angle of 90° between its two 
naphthalene planes, which have been revealed through X-ray crystallographic analysis.[3] Furthermore, 
in the last decades, the importance of such compound has raised tremendously due to its emerging 
applications in many technological fields.[4] It is indeed very well known the ability of Binol to act as 
chiral ligand[5] that can be used in fields like enantioselective catalysis,[6] or for the preparation of 
chiral luminescent complexes.[7] 
 
Figure 3.1 Molecular structure of (R)-1,1′-bi-2-naphthol (Binol) (a) with the corresponding IUPAC numeration. ORTEP 
visualization (b) of the crystal structure of the Binol molecule showing the 90 °C angle between the two naphthalene planes 
(carbon: grey, hydrogen: white, oxygen: red).[3] Molecular structure (c) of the uracil functionalized derivative (R)-108 used 
for the preparation of the chiral nanostructure. 
With the aim to exploit the structural characteristics of the Binol fragment in order to impart 
chirality at the nano and microscopic level, in this work we have prepared a series of 
enantiomerically-pure uracil-derived binaphthol ((R)-108 and (S)-108) that, in the presence of the 
bis-2,6-di(acetylamino)pyridine derivative 84, underwent non-covalent polymerization inducing 
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the formation of supramolecular chiral copolymers [(R)-108•84]n and [(S)-108•84]n, respectively 
(Figure 3.2). These new polymeric chiral entities revealed to self-organize into different kind of 
nanostructures, transferring the molecular stereogenic informations to the microscopic level. 
 
Figure 3.2 Lateral (a) and top (b) view of the PM3 optimized geometrical structure of binaphthol derivative (R)-108, as 
implemented within Spartan. Schematic representation (c) of the self-assembly process between molecular modules (X)-108 
and 84 leading to supramolecular polymer [(X)-108•84]n (X: R or S). 
Indeed, under temperature and solvent control we have successfully demonstrated that the self-
organization of the H-bond based supramolecular polymers [(R)-108•84]n and [(S)-108•84]n can 
induce the formation of both chiral fibroid material or alternatively the production of spherical 
nano-objects depending on the experimental conditions. Moreover the transition process between 
the two types of self-organized material has been thoroughly investigated at the morphological 
level by means of different microscopic techniques such as TEM and AFM. In this context the 
possibility to transfer the chirality from the single building block to the final nanostructure can be 
very useful in a very next future for the preparation of new generations chiral functional materials 
able to switch from homogeneous to heterogeneous systems, in response to external stimuli, such 
as a change of solvent or temperature. 
 
3.2 Synthesis of the Uracil Functionalized Binol Building Blocks 
Both chiral modules (R)-108 and (S)-108 were prepared following a four-steps synthetic protocol 
starting from the enantiomerically pure R and S binaphthols, respectively (Scheme 3.1). After the 
alkylation of the commercially available (R) and (S) binaphthols by treatment with K2CO3 and 
MeI in DMF at 80 °C, dimethylated derivatives (X)-109 were obtained in quantitative yield and 
purified by simple precipitation of the crude mixture with water, followed by suction filtration of 
the resulting dispersion.[8] Methylation of the pristine Binol substrate resulted in the formation of 
a highly fluorescent compound (feature that will be characteristic of all the derivatives 
synthesized from this point on) that was characterized by melting point, 1H-NMR, 13C-NMR, IR 
and ESI-MS. Subsequently, modules (X)-109 were submitted to an ortho-lithiation reaction by 
treatment with BuLi in presence of TMEDA at room temperature, to originate the C(3,3’) 
dilithiated derivatives. Quenching of the reaction with a THF solution containing 3.0 equivalents 
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of Iodine at -78 °C afforded diiododerivatives (S)-110 and (R)-110 in 35 and 45% yield, 
respectively.[9] Pd-catalyzed Sonogashira cross-coupling between derivatives 110 and TMSA in 
presence of [Pd(PPh3)2Cl2] and CuI at 110 °C, followed by in situ deprotection with K2CO3, 
afforded diethynylated compounds (S)-111 and (R)-111 in 75 and 65% yield, respectively.[10] 
Finally, Sonogashira-type cross-coupling reaction between (X)-111 and iodouracil derivatives 95 
in the presence of [Pd(PPh3)]4 and CuI yielded modules (R)-108 and (S)-108 in 55 and 65% yield, 
respectively.  
 
Scheme 3.1. Synthetic pathway adopted for the preparation of (R)-104 and (S)-104. (a) MeI, K2CO3, DMF, 80 °C; b) BuLi, TMEDA, I2, 
Et2O, -78 °C; (c) 1. [Pd(PPh3)2Cl2], CuI, TMSA, Tol, NEt3 110 °C; 2. K2CO3, THF/MeOH; (e) [Pd(PPh3)4], CuI, 95, THF, NEt3, r.t. 
In both cases, the metal-catalyzed cross coupling reaction between uracil derivative 95 and the 
respective binaphthols synthons afforded a mixture of mono and di-substituted derivatives that 
were also isolated by means of a series of repetitive CC (starting from CHX/EtOAc 7:3 up to 
CHX/EtOAc 3:7). Complete isolation of pure binaphthol derivatives (R)-108 and (S)-108 was 
obtained by sequential reprecipitation of the compounds from a CHCl3 solution upon increasing 
amount of CHX. Precipitation of these classes of ditopic compound in apolar solvents such as 
CHX is facilitated by their tendency to originate homomolecular H-bonded polymeric 
architectures of high molecular weight displaying with very low solubility. Complementary linear 
module 84 and uracilic derivatives 95 were synthesized and purified following the synthetic 
protocols reported in Chapter II.[11] 
 
3.3 Spectroscopic Characterization of the Self-Assembly Process 
To shed light on the effective occurrence of the H-bond based molecular recognition process, 
variable temperature VT-1H-NMR analysis were performed on a mixture of (R)-108 and 84 
(Figure 3.3) in a nonpolar solvent.[12] In this context qualitative evidence for the supramolecular 
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polymer [(R)-108•84]n formation were noticed upon mixing stoichiometric amounts of binaphthol 
derivative (R)-108 and its complementary linear unit 84 in tetrachloethane-d6 at 5 mM 
concentration with respect to each molecular component. When a solution of such a mixture in 
tetrachloroethane-d6 is heated from 20 °C to 80 °C, the 1H-NMR spectra showed a shift at higher 
fields of the NH proton resonances involved in the multiple H-bonding recognition (from 10.5 to 
9.0 ppm and from 8.0 to 7.6 ppm, respectively), clearly indicating the progressive disruption of 
the H-bonds, and thus of the assemblies. Indeed, at low temperature the H-bonding mediated 
association was much stronger and resulted in a more highly associated polymeric material, and 
further aggregation into supercoiled fibers may set in (Figure 3.3). Moreover the complete 
reversibility of the process in this range of temperature gave us also an indirect proof about the 
stability of the single modules in such conditions. 
 
Figure 3.3 Schematic representation (a) of the H-bond system disruption induced by the increase of temperature from 
20 to 80 °C (numbers between brackets are referred to the chemical shift values, in ppm of the single nuclei). VT-1H-
NMR spectra of a 1:1 mixture of (R)-108 and 84 in tetrachloroethane-d6, showing a progressive disruption of the 
assemblies [(R)-104•84]n (reported on the top). Immidic protons of (R)-108 are marked with letter a, while the amidic 
ones of 84 are marked with letter b. 
Further support for the H-bond mediated formation of nanostructures was provided by a series of 
spectrophotometric (UV-Vis and fluorescence) studies upon monitoring of the chromophoric behavior 
of polymer [(R)-108•84]n in relation to a temperature variation. The electronic absorption and 
emission spectra of (R)-108, 84 and of its supramolecular adduct [(R)-108•84]n obtained upon mixing 
the two components in a 1:1 ratio (3.5 µM each) in a CHX/THF solution, (5% v/v) are shown in 
Figure 3.4a. The absorption spectrum of (R)-108 is entirely placed in the UV region and is weaker and 
narrower compared to that of 84.  
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Figure 3.4 a) Electronic absorption and (inset) normalized fluorescence spectra of (R)-108 (red), 84 (black), [(R)-108•84]n 
(blue) and algebraic sum of (R)-108 and 84 (green) in CHX/THF (95:5 v/v). b) Absorption spectral changes of 1:1 ([C] = 3.5 
µM each) mixture of (R)-108 and 84 during VT measurement. c) VT emission spectral changes of [(R)-108•84]n at the rate of 
10 K. d) Absorption and (inset) normalized fluorescence spectra of [(R)-108•84]n before (blue) and after (pink) addition of 
DMSO. Similar results were obtained with molecule (S)-108. 
Both molecules exhibited fluorescence, and the related quantum yield of (R)-108 (Фfl = 0.12) was 
smaller than that of 84 (Фfl = 0.18). The absorption and emission features of 84 in the CHX/THF 
mixture were red-shifted compared to more polar solvents such as MeOH and THF.[13] These 
findings confirmed the solvophobic-driven self-aggregation of 84 most likely through J-type as 
previously observed by us.[11, 13] Although the UV-Vis spectrum of [(R)-108•84]n was dominated 
by the characteristic features of 84, some notable differences were present in comparison with the 
algebraic sum of the two isolated components. A smaller intensity ratio between the peaks at 340 
and 415 nm, along with an enhanced absorption tail after 450 nm, were observed. Furthermore, 
the emission of [(R)-108•84]n showed a weak shoulder at the longer wavelengths and, compared 
to 84, a lower quantum yield (Фfl = 0.12) and a higher full width at half maximum (FWHM), i.e. 
80 nm (84: 62 nm, Figure 3.4a inset). In this case, differently from previous reports,[11, 13] the 
supramolecular interaction between (R)-108 and 84 does not resulted in distinctly new absorption 
and fluorescence bands in the low energy spectral region. Despite the presence of a self-organized 
fiber-like and particle-like arrangement as displayed by the microscopy imaging technique, the 
quasi-perpendicular orientation adopted by the naphthyl rings drastically reduces the inter-
polymeric π-π interactions between single self-assembled [(R)-108•84]n chains, thus leading to a 
looser aggregation. However, the small changes observed in the absorption and emission spectra 
of [(R)-104•84]n along with their lifetime values (3.4 ns for (R)-108; τ1 = 1.5 ns; τ2 = 3.7 ns for 
84; τ1 = 1.2 ns; τ2 = 4.2 ns for [(R)-108•84]n) are ascribed to the presence of the H-bonded self-
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organized structures in CHX/THF (Figure 3.5). 
 
Figure 3.5 a) Absorption and b) emission spectral changes of a 1:1 solution ([C] = 3.5 µM each) of compounds (R)-104 and 
84 during variable temperature measurement at the ramp of 10 K. 
By cooling down the sample [(R)-108•84]n to 278 K, the absorption bands move to red and decrease 
in intensity (Figure 3.5a) whilst the emission features remained virtually the same apart from minimal 
peak intensity variation (Figure 3.5 b). This was ascribed to a kinetically-favored self-aggregation of 
84 in apolar solvents, CHX/THF (5% v/v), which occurs faster than intermolecular interaction 
between (R)-108 and 84 preventing the heteromolecular self-assembly. The self-organization process 
between (R)-108 and 84 in the CHX/THF mixture was further confirmed by VT-UV-Vis and 
fluorescence measurements. On increasing the temperature to 353 K, the absorption spectrum of [(R)-
108•84]n showed an isosbestic point at 393 nm, a gradual hypsochromic shift and an increased peak 
intensity ratio between the bands centered at 340 and 415 nm (Figure 3.4b). In particular, the 
absorption tail in the lowest-energy spectrum completely vanished. Likewise, the emission at high 
temperature showed blue shifted maximum with substantially reduced FWHM (52 nm) and the 
disappearance of the extended shoulder at longer wavelengths (Figure 3.4c). These observations 
indicate the presence of isolated units of 84 in the sample. In order to corroborate the presence of H-
bonding interactions between (R)-108 and 84, an H-bond disrupting polar solvent such as DMSO (5% 
v/v) was added to a solution of [(R)-108•84]n. Due to the H-bond breaking induced by DMSO, the 
absorption spectrum of [(R)-108•84]n showed blue shifted bands with discernible signatures of 
individual molecular units (R)-108 and 84 (Figure 3.4d). Similarly, the fluorescence spectrum moved 
to higher energy (as observed at 353 K) exhibiting much higher intensity (Figure 3.4d inset). Owing to 
the high quantum yield of monomer unit 84 (Φfl = ~1.0), the emission peak of the latter masked the 
signal from the weakly emissive (R)-108 (Φfl = 0.12) in this solvent mixture. To investigate the 
chirality expression on the self-organized assemblies originated from the combination of (R)-108 and 
(S)-108 with the linear ditopic unit 84, CD experiments were also carried out both on the single 
components and on the relative assemblies (Figure 3.6). 
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Figure 3.6 VT-CD-spectral profile (a) of the 1:1 mixture of (R)-108 and 84 from 5 (blue line) to 60 °C (black line) in CHX/THF (95-5) 
showing the formation of a new band at 430 nm that is not present on the CD spectra of the single binaphthols derivatives (b) (R)-108 and 
(S)-108 (black and grey line, respectively). VT-CD-spectral profile (b) of the 1:1 mixture of (S)-108 and 84 from 5 (green line) to 60 °C 
(black line) in CHX/THF (95-5). Detailed view (d) of the new band appearing at 430 nm and attributed to the formation of the 
supramolecular chiral species [(S)-108•84]n. 
The CD spectra of the binaphthol derivatives are characterized by a maximum at 260 nm and an 
overall CD effect, which take place in the region between 220 and 390 nm (Figure 3.6b). When 
linear module 84 is added to a CHX-THF solution of (R)-108 or (S)-108, a new band appeared in 
the region of 400-480 nm (Figure 3.6a-c-d), a spectral portion in which none of the single 
components are CD active. This new band can be attributed to the formation of a new chiral entity 
defined by a high level of order between its molecular components, in which the molecular 
chirality is effectively transferred to the supramolecular complex. The variation of the CD effects 
as a function of temperature was recorded for both [(R)-108•84]n and [(S)-108•84]n assemblies 
displaying similar trends. Notably, the behavior of the new band at 430 nm resulted in strict 
accordance with the data reported in the temperature-dependent UV-Vis measurements (Figure 
3.4b and 3.5a). Also in this case the VT experiments from 10 to 80 °C induced a progressive 
reduction of the CD effect (attaining zero at approximately 50 °C) displaying the non-covalent 
nature of the intermolecular interactions (i.e H-bonds and π-π stacking). 
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3.4 Microscopic Characterization of the Self-Assembled Nanostructures 
A further confirmation of the presence of supramolecular nanostructured systems in solution, was 
obtained through microscopic analysis of drop-casted solution containing [(R)-108•84]n or [(S)-
108•84]n onto mica surface. In order to obtain a good solubility of the modules and at the same 
time to induce the formation of the H-bonds systems between the complementary building blocks 
a mixture composed by THF and CHX was used to prepare the solution containing the 
supramolecular polymers. Indeed, due to the presence in both molecular modules of highly polar 
moieties such as the uracil and the diacetilaminopyridine fragments, the solubility of these 
compounds in strongly apolar solvents was remarkably low. For these reasons in a typical 
experiment an equimolar quantity of molecular modules (R)-108 or (S)-108 and 84 were firstly 
dissolved into a minor amount of THF (solvent able to completely solubilize both compounds) 
and then diluted to the necessary volume with CHX. Aim at favoring the formation of the most 
thermodynamically stable architectures, the resulting mixture was cyclically heated several time 
and finally drop-casted onto mica surface or onto carbon coated grid for the microscopic 
visualization. In order to investigate the best solvent compositions for the preparation of the chiral 
H-bonded materials, different ratios of CHX and THF were investigated (80:20, 90:10 and 95:5 
v/v, respectively). In the first case (CHX-THF 80:20 v/v), the formation of round shaped 
nanostructures was observed through the combined use of TEM and TM-AFM analysis (Figure 
3.7). 
 
Figure 3.7 Topographic TM-AFM (a-b) and TEM (g-h) images of the chiral nanovesicles obtained from a 1:1 solution of 
[(R)-108•84]n. 2-D (c) and 3-D (f) representation of different phase images, highlighting the presence of two regions on the 
spherical nanostructure. Representative profiles (d,e) obtained from subfigure b and c respectively (red lines). (h) TEM 
details of the nanovesicles wall. Three-dimensional graphical representation (i) of the height distribution percentages of the 
nano-assemblies at different solvent ratio (red: 80:20, orange: 90:10 and yellow: 95:5 of CHX-THF in v/v) was obtained 
through AFM investigation. 
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Through detailed TM-AFM analysis, spherical nano-objects, characterized by height values 
ranging from 1 to 20 nm with an average centered on 12 nm, were obtained form a 80:20 solution 
of CHX:THF (Figure 3.7). With the aim to shed further light on the structure of such 
morphologies, AFM phase imaging measurements were performed on the drop casted material. 
Phase imaging is a powerful extension of TM-AFM,[14] enabling the characterization of 
nanometer-scale properties such as changes in the composition, adhesion, friction, viscoelasticity, 
often not revealed by classical SPM measurements.[15] In phase imaging, the phase lag of the 
cantilever oscillation, relative to the signal sent to the cantilever’s piezo driver, is simultaneously 
monitored by the AFM controller.[16] The phase lag is very sensitive to variations in physical 
properties such as materials’ adhesion and elasticity.[17] Notably in our case, phase imaging of the 
single spherical morphologies revealed the presence of two different regions (Figure 3.7c-f), each 
characterized by a different contrast as a consequence of the different mechanical properties. 
Indeed, the presence of a darker zone in the center of the nanospheres (notably the contrast is 
inverted in comparison with the topographic image, Figure 3.7b-c) could be in principle attributed 
to an increase of elasticity of the material probably originating from hollow zones or a different 
local density.[18] This data in combination with the visualization by TEM analysis of a brighter 
region, resembling a membrane-like structure (Figure 3.7 g-h), covering the entire surface of the 
nanospheres, led us to hypothesize the formation of a H-bonded organic nanoparticle. Moreover, a 
statistical analysis of the morphologies’ diameter values as obtained by AFM analysis as a 
function of the solvent mixture, clearly showed a rise of the nanosphere diameter upon decreasing 
concentration of THF (from 12 to 21 nm). Remarkably, TM-AFM analysis of [(R)-108•84]n as 
drop-casted from a CHX solutions containing only a 5% v/v of THF displayed the formation of a 
novel fiber-like morphologies. The fibrous materials displayed diameters ranging from 5 to 10 nm 
and average lengths between 800 and 3000 nm. The same morphologies were also obtained upon 
deposition of the enantiomeric supramolecular systems [(S)-108•84]n. 
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Figure 3.8 Topographic TM-AFM (a,c,d) and TEM (e,f) images of nanofibers as obtained from drop casting a solution of [(R)-108•84]n on 
mica surface and on a carbon coated grid, respectively. AFM comparison between the morphologies of the nanofibers obtained from (b) [(S)-
108•84]n and (c) [(R)-108•84]n. (g) Details of an helicoidal arrangement of a fiber composed of [(R)-108•84]n. 
Similar fibers lengths and diameters have been observed for both H-bonded polymers, [(R)-
108•84]n and [(S)-108•84]n. As previously mentioned (Paragraph 3.3), CD investigations of a 
diluted solutions containing [(R)-108•84]n and [(S)-108•84]n under the same solvent conditions 
showed the formation of a new band, centered at 430 nm but presenting opposite signs. This 
observation, together with the formation of fibroid morphologies can be considered as a clear 
proof of the transfer of stereogenic informations from the single chiral molecular module to the 
final nanostructured nano-objects, through the formation of self-organized fibrous morphologies 
in which the different single polymeric structures are held together by the combination of van der 
Waals and π- π stacking type non-covalent interactions. Notably, both TM-AFM and TEM images 
clearly display that most of the imaged nanofibers present a remarkable inclination to self-wrap, 
forming coiled architectures (Figure 3.8f-g). Considering the presence of CHX as main solvent, it 
is reasonable to hypothesize that the aliphatic C12H25 and C6H13 appends, present in the linear 
module and in the binaphthols units, are hexohedrally exposed on the external surface of the 
fibers, thus forming an extended hydrophobic surface subsequently favoring van der Waals inter-
fiber interactions. 
In light of these new data, we have decided to perform a more detailed microscopic investigation 
on the solvent effect on an intermediate CHX solution containing the supramolecular polymer 
[(R)-108•84]n with 10% in v/v of THF, with the aim to elucidate in a more exhaustive way the 
interconversion mechanism between nanovesicles and nanofibers. Interestingly, by TEM and TM-
AFM investigation, hybrid morphologies have been observed on the surfaces. In particular, even 
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though the spherical morphologies are predominant under these conditions, fibrous materials have 
been also observed (Figure 3.9 a-e). Interestingly, the material is characterized by the presence of 
spherical morphologies peripherally decorated by fibrous ramifications, with diameters between 5 
and 50 nm and length up to several micrometers, that arise as thin nanostructures from the central 
spherical structure. 
 
Figure 3.9 Topographic TEM (a-c) and TM-AFM (d, e) images of the nanofibers as obtained by drop-casting of a solution of [(R)-104•84]n. 
(f) Lateral profile of one of the fibers as obtained through AFM analysis, showing the irregularity of the surface. 
With respect to the fibrous morphologies as obtained from solution of CHX containing 5% v/v of 
THF, the morphology of such ramifications displayed some substantial structural differences, as 
they appeared as bamboo-like structure. Through an accurate analysis of the fibers profile by 
AFM measurements (Figure 3.9e-f), it was possible to notice that the ramification were not 
homogeneous, as the one prepared with he previous method, but presented a greater number of 
defects (Figure 3.9f) that could be imputable to the increase of polarity of the solvents leading to 
the formation of supramolecular material characterized by a less degree of stiffness and stability. 
Notably, also the geometrical and structural features of the fibers were affected from the change 
in the solvent composition, showing a decrease in their level of monodispersability, with the 
formation of a second class of spherical nanostructure with an average diameter of 30 nm. 
In conclusion, we have shown that exploiting complementary multiple H-bonding interactions as 
established between enantiomerically pure uracil-derived binaphthols and 
di(acetylamino)pyridinic linear modules, it was possible to prepare different kinds of 
nanostructured materials under solvent and temperature control. In particular, different 
morphological structures such as nanofibers or nanospheres have been observed. Moreover, 
through a detailed microscopic investigation of the self-organization process as undertaken in 
different solvent mixtures, it was possible to isolate a hybrid material, in which both spherical and 
a)# b)# c)#
500 nm 500 nm 50 nm 
350 nm 75 nm 
d)# e)# f)#
He
ig
ht
#(n
m
)#
Length#(nm)#
CHAPTER(III((((((((((((((((((((((((((((((((((((((((Self.organization(of(binaphthols(into(chiral(fibres(through(H.bonds(
 
   76 
linear morphologies were present. Further developments of this work will be aimed at the 
understanding of the molecular organization of the single modules within the different 
nanomorphologies and the study of the general principles ruling the relation between molecular 
structures and morphological properties of the resulting nanostructures. To perform this task, 
molecular modeling simulations based on MM and MD simulations are under development in 
collaboration with the group of Dr. M. Surin at the University of Mons (Belgium). 
These materials hold great promises for the design and preparation of new luminescent or 
catalytically-active substrate for stereoselective synthesis, in which the solvent and temperature 
effects can induce a switching of the functional material phase, i.e. from a homogeneous to a 
heterogeneous system.  
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CHAPTER IV 
 
CONSTRUCTION OF PORPHYRIN-MWCNT SUPRAMOLECULAR 
MATERIALS THROUGH COORDINATIVE POLYMERIZATION 
 
4.1 Introduction 
In order to further evolve our work on the self-assembly and self-organization of chromophoric 
molecules into supramolecular nanostructured materials, we decided to developed a new class of 
hybrid systems composed by a carbon nanostructure acting as template, and a supramolecular polymer 
constituted of an ordered arrangement of chromophoric building blocks. The high interest revolved 
around the preparation of such type of composite materials is not only due to the peculiar properties of 
the resulting nanostructures, but also to the ease of preparation that, taking advantages from the high 
convergence and modularity of the supramolecular approach,[1] gives the opportunity to obtain the 
hybrid materials in a relatively low amount of time, and at considerably low costs.[2] 
In our case we chose to adopt as template system multi-walled carbon nanotubes (MWCNT). Carbon 
nanotubes (CNTs) are hollow carbon nanostructures that can be viewed as a rolled-up graphene sheet. 
They have been discovered in the ’50-’60[3] and reported as carbon filament, but only in 1991 Iijima 
described them at the atomic level.[4] CNTs can be classified mainly in two groups: single-walled 
carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs), depending if they are 
constituted by one single layer of graphene or by multiple concentrical graphene sheets coaxially 
arranged around a central hollow core.[5] 
Since their discovery, CNTs have raised a great deal of interest due to their potential applications in a 
wide range of different applications such as for example field-emission devices preparation,[6] 
molecular electronics and microelectronics,[7] or sensor productions.[8] Unfortunately, the principal 
drawback affecting the exploitation of CNTs at any level consists in their low solubility in mostly all 
the known solvents. Therefore, to render CNTs processable and allow their widespread use in real 
applications, chemical functionalization has been widely exploited in order to enable the integration of 
CNTs into multicomponent organic materials.[9] In this context, two main approaches have been 
undertaken so far to increase the solubility of CNTs, namely the covalent and non-covalent approach 
(i.e. supramolecular). While the latter approach does not lead to structural modification of the carbon 
framework, preserving its key electronic and structural properties, covalent derivatization often leads 
to substantial structural and physical alterations as a consequence of the rupture of π-conjugation. 
Concerning the supramolecular functionalization of CNTs, both polymeric systems and single 
molecules have been exploited efficiently. In the first class, the most remarkable examples are 
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constituted by highly conjugated polyaromatic polymeric architectures and DNA sequences that can 
provide systems able to non-covalently “wrap” the CNTs surface exploiting van der Waals and π-π 
interactions.[10] It is interesting to point out that in some works reported in literature, the presence of 
conjugated molecules onto the CNTs surface can lead to an improvement of their electronic properties, 
such as for example conductivity and charge mobility.[11] Recently also supramolecular polymers have 
attracted the attention of the scientific community as a potential category of organic based architecture 
able to induce the selective and reversible functionalization of different kinds of CNTs. 
In 2005 the group of Stoddart reported on the use of a supramolecular polymer based on two building 
blocks, a ZnII metalloporphyrin complex and a cis-protected PdII complex to induce the solubilization 
of SWCNTs obtaining in this way a composite material soluble in aqueous solution.[12] 
In a very recent paper, our group described the non-covalent functionalization of MWCNTs in apolar 
solvents through the formation of H-bond based supramolecular polymers.[13] To this end, a library of 
phenylacetylene molecular scaffolds equipped with complementary uracil and 2,6-
(diacetylamino)pyridine recognition units has been employed for the solubilization of pristine 
MWCNTs in apolar solvents such as CHCl3, CHCl2 and Toluene. A new protocol for CNTs 
purification and solubilization has hence been developed, based on the execution of several cycles of 
filtration and centrifugation of the composite supramolecular material, aimed to the isolation of the 
most soluble CNTs obtained. In order to exploit this new procedure for the preparation of functional 
hybrid materials, we have decided to prepare a series of di-porphyrin derivatives that, if opportunely 
mixed with a linear ditopic ligand such as 1,2-(4-bispyridyl)ethane can originate different types of 
supramolecular polymers based on multiple coordinative interactions, under solvent and temperature 
control. The final goal of this work regards the exploitation of these coordination-based polymers to 
obtain two objectives at the same time: the solubilization of MWCNTs due to the adhesion of the 
polymers onto the carbonaceous structure, and contemporarily the tuning of their electronic properties 
thanks to the interaction with the porphyrinic antenna, yielding an interesting hybrid for applications 
in the field of nano-electronic. 
The two porphyrin based molecular modules that were designed for this task are reported in Figure 
4.1.  
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Figure 4.1 Molecular structures of the bis-porphyrin based building blocks 112 and 113 used for the preparation of the 
coordination based supramolecular polymers, in combination with the bidentate linker 1,2-(4-bispyridyl)ethane 114. 
Their structure was mainly based on two different moieties: two peripheral Zinc-porphyrins subunits 
and a central aromatic core, defining the geometry of the single building blocks, bridged together by 
linear ethinyl linkers. The aromatic cores adopted for the preparation of module 112 and 113 were two 
different regioisomers of pyrene either functionalized in the 1,6 or 1,8 positions. Specifically, those 
two were chosen in order to investigate the effects of the peculiar molecular geometry of the two 
positional isomers on the features of ultimate supramolecular assembly, specifically its capability to 
adhere and establish an effective electronic communication with the CNTs. The choice to use this kind 
of aromatic core was mainly due to its very well known ability to interact with the CNTs’ sidewall 
principally via π-π interactions, providing in this way a perfect non-covalent binding site for the 
anchoring of the building blocks (and therefore also of the final supramolecular polymer) to the 
carbonaceous template. The Zinc-porphyrin units were instead functionalized with three different 
mesityl groups at the meso positions. The presence of such aromatic groups was intended to inhibit 
intra-porphyrin stacking interactions, which could have sorted a negative effect on the complexation 
reaction leading to secondary aggregation phenomena that would have decreased in principle the order 
of the system. For such reason, mesityl groups were chosen as substituents for the meso position, as 
they present the well known tendency to dispose orthogonally to the plane of the porphyrin moiety, as 
a consequence of the presence of the two methyl groups in the 1 and 5 positions, that drastically 
hinders the rotation across the C-C bonds that link the porphyrin macrocycle to the mesityl fragment. 
These structural features induced the formation of completely shielded porphyrins that were not able 
to interact one with each other by means of the normal π-π interactions.  
In the first part of the chapter the synthetic pathway leading to the preparation of 112 and 113 is 
discussed and the investigation of the self–assembly process in solution is reported. In order to 
characterize the axial complexation between the bidentate linker 114 and the two porphyrin derivatives 
112 and 113 we decided to exploit the highly chromophoric characteristics of the latters by following 
their self-assembly process in solution with the help of UV-Vis and fluorescence spectroscopy. The 
morphological aspects of the polymers obtained were instead evaluated by means of TM-AFM 
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analysis in order to characterize the formation of any nanostructured material originating from the 
coordination based self-assembly process. Finally the resulting nanostructured polymers were used for 
the solubilization and consequent supramolecular functionalization of MWCNTs. The morphology 
and the structural characteristics of the resulting materials were investigated by means of TM and 
phase imaging AFM spectroscopy, whereas the dispersibility of the hybrid supramolecular material 
was evaluated by means of transmission electron microscopy. 
 
4.2 Synthesis of the Porphyrin Based Molecular Modules 
The synthetic pathway adopted for the preparation of the molecular modules involved in this study is 
reported in scheme 4.1. As a first step, the synthesis of the pyrenyl core was undertaken in order to 
produce the two 1,6 and 1,8 regioisomeric di-ethinylated derivatives suitable for the conjugation 
reaction with the opportune porphyrinic moieties. 
 
Scheme. 4.1 Synthetic pathway adopted toward the preparation of the pyrene moieties employed for the synthesis of the multi-porphyirin 
modules. a) Br2, CCl4, r.t. 4h, 35%; b) I2, KIO4, AcOH, 25% c) TMSA, [Pd(PPh3)4], CuI, Tol, Et3N, 120 °C, 1h, MW; d) KOH, MeOH, THF, 
65-75 %; e) TMSA, [Pd(PPh3)4], CuI , Tol, Et3N, 120 °C, 14 min., MW. 
The first step toward the preparation of different aromatic cores was based in each case onto the 
separation of the products obtained by statistical halogenation of the commercially available pyrene. It 
was found, indeed, that when the halogenation reaction was performed with simple bromine as 
halogenating agent in CCl4 as solvent at room temperature, the more abundant product resulted the 
1,6-dibromopyrene. Interestingly, if this reaction was performed with iodine in presence of KIO4 at 
120 °C with MW irradiation, the 1,8 di-substituted product was instead obtained. With such 
procedures starting from the pristine pyrene, it hence resulted possible to obtain both compounds 115 
and 118 in an extremely high purity, with a yield of 35 and 25 %, respectively. 
Both molecules 115 and 118 were subsequently submitted to Pd(II) catalyzed “Sonogashira Cross-
Coupling” with TMSA. In this context for the derivatives 115 and 118 the coupling with TMSA in 
presence of [Pd(PPh3)4] and CuI as catalyst at 120 °C (for 1h and 14 min. respectively) yielded the 
respective trimethylsilylethinyl derivatives, that were successfully deprotected by treatment with KOH 
in a MeOH/THF solution to provide the diethynilated regioisomers 117 and 120 in 65 and 75 % yield, 
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respectively. The synthesis of the porphyrin moiety 121 was instead attempted by the classical acid 
mediated condensation of freshly distilled pyrrole in presence of BF3!Et2O and DDQ with a 3:1 
mixture of mesytaldehyde and p-iodobenzaldehyde aimed to obtain the statistical mixture of 
differently meso-substituted porphyrins (Scheme 4.2). 
 
Scheme 4.2 Synthetic pathway adopted toward the preparation of porphyrin moieties employed for the synthesis of the di-porphyrinic 
modules. a) BF3!Et2O, DDQ, Et3N, CH2Cl2, 2h; b) Zn(AcO)2, CH2Cl2, MeOH, 4h, 7%. 
Unfortunately, due to the low difference in polarity of the iodo-substituent in respect with the mesityl 
one, any attempt to purify by CC the mixture of porphyrins resulted from the acid mediated 
condensation did not achieve the isolation of the pure A3B derivative (A:mesityl, B: 4-iodobenzene). 
Exhaustive metallation of the statistical mixture of the different porphyrins obtained by treatment with 
a saturated solution of Zn(AcO)2 in MeOH/CH2Cl2 (Scheme 4.2) instead resulted in the formation of a 
mixture of porphyrins with an enhanced difference in polarity that was successfully purified by CC, 
followed by different precipitation cycles in MeOH.  
Finally, as shown in Scheme 4.3, the complete di-porphyrinic modules 112 and 113 were obtained by 
“Sonogashira Cross coupling” of molecule 121 with the pyrenyl scaffolds 117 and 120 in presence of 
[Pd(PPh3)4] and CuI in the mixed solvent THF/Et3N( 1:1) producing the envisaged chromophoric 
modules 112 and 113.  
 
Scheme 4.3 Synthetic pathways adopted for the synthesis of the bisporphyrin modules 109 and 110 starting from the iodoporphyrin 
derivative 118. a) 117, [Pd(PPh3)4], CuI , THF, Et3N, overnight, 60%; b) 120, [Pd(PPh3)4], CuI, THF, Et3N, overnight, 55%. 
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Both modules 112 and 113 presented sufficient solubility to allow their purification first by standard 
CC techniques, followed by several cycles of precipitation from MeOH followed by re-crystallization 
in CH2Cl2/CHX by vapour exchange technique. However, in both cases the solubility of the resulting 
modules was sufficient for the characterization of the modules by means of 1H-NMR, IR and MALDI-
MS. 
 
4.3 Spectroscopic Characterization of the Complexation Process 
The coordination event between the zinc metal atom contained into the porphyrinic macrocycles and 
the nitrogen of the pyridinic linker 114, basic yet fundamental act leading to the formation of the 
supramolecular polymers, was investigated through UV-Vis and fluorescence spectroscopies. 
Specifically, titration of the diporphyrin modules 112 and 113 with increasing amounts of linker 114 
were carried out in order to monitor the formation of the supramolecular species (Figure 4.2).  
 
Figure 4.2 UV-Vis (a) and fluorescence (b) profiles obtained during the titration of 112 (red line) with bidentate linker 114 in 
CHX up to a 1:1 ratio (black line). UV-Vis (c) and fluorescence (d) profiles obtained during the titration of 113 (green line) 
with bidentate linker 114 in CHX up to a 1:1 ratio (black line). All spectra are normalized to the same intensity for clarity of 
comparison. 
For both modules, remarkable variations in the absorption profiles were evaluated during the UV-
Visible titration, as a consequence of the cumulative addition of linker 114. In case of compound 112 a 
bathochromic shift of both the B and Q bands (from 418 to 428 nm and from 552 to 566 nm, 
respectively) was detected, together with a notable hypochromicity and with the formation of two 
isosbestic points at 423 and 557 nm. These results were in agreement with previously reported 
examples of coordination phenomena between a nitrogen and a zinc present in a porphyrinic 
system.[14] Extremely similar results were obtained for the UV-Vis titration of compound 113. Indeed, 
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also in this case the bathochromic shift of both B and Q bands was detected (from 419 to 427 nm and 
from 555 to 571 nm, respectively) as well as the presence of two isosbestic points at 422 and 560 nm. 
Comparable results were also obtained from fluorescence titration experiments: after addition of 
several aliquots of linker 114, both the fluorescence profiles of 112 and 113 expressed a bathochromic 
shift with the formation of three clear isoemissive points at 600, 620 and 650 nm, for module 112, and 
at 602, 627 and 659 nm, for module 113, thus confirming the effectiveness of the coordination 
process. It is also noteworthy to point out that the maximum shifts of both Q and B bands observed 
during the spectroscopic titration experiments, were reached when one equivalent of compound 114 
was added to the relative porphyrin modules, suggesting in both cases the formation of a 
supramolecular species in which the two compounds were present in a 1:1 ratio. 
In order to characterize more in detail the complexation process and its reversibility, also variable 
temperature (VT) UV-Vis spectroscopy experiments were carried out (Figure 4.3) 
 
Figure 4.3 VT-UV-Vis spectra of the 1:1 mixture of molecule 114 with di-porphyrin modules 112 (a, b) and 113 (c, d). Full 
reversibility of the complexation process is evident in both cases due to the restoration of the single profiles in both heating 
(a, c) and cooling (b, d) cycles. All spectra are normalized to the same intensity for clarity of comparison. 
In a typical experiment a 1:1 mixture of the molecular modules 112 or 113 with the ditopic linker 114 
was subjected to a variation of temperature ranging from 20 to 80 °C (Figure 4.3 a and c). During the 
process a complete restoration of the spectral features relative to the uncomplexed porphyrin modules 
were observed, pointing out the complete destruction of the supramolecular assembly based on the N-
Zn coordination bond. Remarkably, upon cooling back the systems from 80 to 20 °C, a complete 
reversion of the situation was observed for both systems (Figure 4.3 b and d) proving the full 
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reversibility of the coordination process, and therefore the effectiveness of the whole supramolecular 
approach. Taking into account the experimental data obtained during the complexation study in 
solution of 112 and 113, different kinds of supramolecular arrays were plausible (Figure 4.4). 
 
 
 
Figure 4.4 Different supramolecular arrays originated by the coordinative interactions between the bidentate linker 114 and the di-
porphyrinoid modules 112 and 113, (in green and blue respectively). Mesityl groups are omitted for clarity. 
Even if an exhaustive elucidation of the structural features characterizing the coordination polymers 
based on the self-assembly between 112 and 113 with the linear linker 114 is far aside from the 
primary tasks of this project, some preliminary hypothesis based on the experiment data obtained so 
far can be proposed. In this context both modules 112 and 113 can originate in solution 
supramolecular polymers, due to the ditopic natures of their coordinative recognition sites. In the case 
of the assembly [112!114]n a polymeric chain with the pyrene units disposed into a “zig-zag” fashion 
could be in principle obtained as a consequence of the divergent disposition of the porphyrin units. For 
the assembly between 112 and 114, two main conformations can be present in solution, due to the co-
axial disposition of its porphyrin moieties: an heterotetrameric complex [112!114]2, in which two bis-
pyridinic linkers are complexing other two units of 114 in a rigid square like fashion, and an open 
linear polymeric system characterized by a high degree of flexibility. 
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4.4 TM-AFM Investigation of the Coordination-Based Polymers 
In order to characterize at the microscopic level the structural features of the nanomaterial originating 
from the supramolecular assemblies obtained so far, TM-AFM measurements were performed (Figure 
4.5 and 4.6). In this context the nanostructures obtained after the deposition of the assemblies 
[112!114]n and [113!114]n were found to be substantially different in terms of geometrical features. 
 
Figure 4.5 TM- AFM images obtained from the deposition of the supramolecular arrays originated by the coordinative interactions between 
the bidentate linker 114 and the di-porphyrinic module 112 (a, c). Profile analysis (d) relative to the section lines reported in subfigure b. 3-D 
representation of the topographic TM-AFM images of subfigure a (e). 
In the case of [113!114]n after deposition of a CHX solution containing the supramolecular complex 
onto a mica surface by drop casting technique, it was possible to observe the formation of a porous 
nanostructured array covering homogeneously all the sample surface. Notably the supramolecular 2-D 
nanostructure obtained was characterized by constant height of approximately 3 nm and homogeneous 
distribution of the pore diameters ranging from 25 to 350 nm.  
 
Figure 4.6 TM-AFM images obtained from the deposition of the supramolecular arrays originated by the coordinative interactions between 
the bidentate linker 114 and the di-porphyrinic module 113 (a, b). Profile analysis relative to the section line reported in subfigure b (c). 3-D 
representation of the topographic TM-AFM images of subfigure b (d). 
On the other hand, from the deposition by drop casting of a CHX solution of [113!114]n, the presence 
of spherical nanoparticles covering the entire surface was observed. TM-AFM analysis of the 
supramolecular nanoparticles obtained showed a very homogeneous diameter distribution for such 
objects, ranging from 150 to 250 nm, and the presence of melted nanoparticles deriving most probably 
from the evaporation process. 
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4.5 Preparation of the MWCNT-Porphyrin Hybrid Materials 
The procedure adopted for the reversible supramolecular functionalization of pristine MWCNTs with 
the coordination-based polymers previously discussed, is depicted in Figure 4.7. In all the cases the 
behaviour in solution of the hybrid MWCNTs•[X•114]n (with X= 112 or 113) was monitored both by 
visual inspection and by using UV-Vis spectroscopy.  
 
Figure 4.7 Schematic representation of the supramolecular functionalization protocol for the reversible solubilization of 
MWCNTs with the coordination based supramolecular polymers [X•114]n with X = 112 or 113. Vials pictures are relative to 
the functionalization process undertaken with module 113; solutions obtained with 112 are comparable with those reported in 
this figure. 
In a classical experiment, a sample of MWCNTs-[X•114]n was prepared by addition of (5 mL) an 
equimolar solution of the complementary modules ([112•114]n or [113•114]n, 3.0 mM each) to a pre-
sonicated (10 min) dispersion of pristine MWCNTs (10 mg) in the mixed solvent CHCl3-CHX (1:1 
ratio, 100 mL), and allowing the whole to stir for 16 h at room temperature. As a consequence of this 
procedure a very stable black solution (Figure 4.7 Step 2) was obtained. As a counterproof, the attempt 
of producing a dispersion of MWCNTs with only X was also performed (Figure 4.7 Step 1). As a 
result, a very less stable dispersion was obtained, which after ca. 1h produced the formation of a black 
massive precipitation with complete discoloration of the solution, thereby indicting the effective 
adsorption of the porphyrinic modules 112 and 113 on the MWNTs surface and yet their incapability 
to maintain the CNTs in suspension in absence of the supramolecular structure. The stable suspension 
obtained in presence of both X and 114 was further purified by centrifugation at 15 krpm for 30 min 
(Figure 4.7, Step 3) to remove the aggregated MWCNTs, and the supernatant solution was filtered 
through a Teflon Millipore® (0.10 μm) filter and thoroughly washed with a 1:1 CHCl3/CHX mixture to 
remove the excess of free molecules. The resulting black powder namely, MWCNTs-[X•114]n hybrid, 
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was dried overnight under vacuum. Dissolution of MWCNTs-[X•114]n (Figure 4.7) in CHCl3 finally 
led to a very stable grey solution (after several weeks, no precipitation was observed). These purified 
MWCNTs-[X•114]n hybrid solutions were further characterized using various microscopic and 
spectroscopic techniques (vide infra). As a consequence of this experiment, we assume that the 
solubility of MWCNTs is induced by the in situ formation of the two different coordination polymers 
[109•114]n  and [110•114]n able to wrap around the MWCNTs sidewall inducing in this way their 
solubilization. This proposed mechanism was further confirmed in an indirect way by adding 20 μL of 
TFA to the mixture of MWCNTs and [X•114]n. As a consequence of this addition, complete 
precipitation of the CNT materials occurred, most probably induced by the protonation of the pyridine 
nitrogen of 114 leading to the disruption of the self-assembled polymers responsible for the 
solubilisation process.  
The presence of supramolecular polymers [X•114]n on the surface of MWCNTs was further quantified 
through TGA investigations (Figure 4.8). 
 
Figure 4.8 Molecular structures (a) of the modules investigated by TGA analysis. TGA plots of the coordination polymers 
(b) and of the different CNT based materials (d). Resuming table (c) containing the different values extrapolated from the 
TGA investigations. 
The first set of experiments was aiming to the achievement of the characterization of the thermal 
stability of the coordinative polymers obtained. In this context, TGA investigations showed that the 
polymer who was subjected to the highest weight loss after the thermal treatment (550°C) was 
[109•114]n, that lost up to 62.0 % in weight (in comparison with the 50.3 % of [113•114]n). However 
at lower temperatures (up to 120 °C) the TGA plots showed that both the polymers possess a 
remarkably high thermal stability with practically no weight loss (< 1.0 %) as corroborated by the data 
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previously obtained from the VT-UV-Vis analysis (paragraph 4.3). Notably the same trend was 
noticed also when the TGA analysis of the hybrid CNT-polymers hybrids was performed. In this 
context it was possible to calculate a higher degree of functionalization for the MWCNTs-[112•114]n 
(weight loss: 9.1 %, Figure 4.8c) in respect to the one obtained from MWCNTs-[113•114]n (weight 
loss: 6.5 %, Figure 4.8c). 
To increase the characterization level of the supramolecular composite material obtained by the 
conjugation of coordinative polymers and MWCNTs, TM-AFM investigations were carried out 
(Figure 4.9).  
 
Figure 4.9 Topography TM-AFM images obtained from the analysis of MWCNTs-[112•114]n (a), MWCNTs-[113•114]n 
(g) and pristine MWCNTs (d). Phase images obtained for MWCNTs-[112•114]n (b), MWCNTs-[113•114]n (h) and pristine 
MWCNT (e). Functionalization mapping obtained from the addition of the height image to the topographic one, for 
MWCNTs-[112•114]n (c) and for MWCNTs-[113•114]n (i). 3D-Image of the MWCNTs-[112•114]n showing the periodic  
lumps (f). 
For this purpose both the topography and the phase imaging analysis were performed on the resulting 
material. For this purpose, in a typical experiment a CHCl3 solution of the MWCNTs-[X•114]n 
composite material was drop casted onto a freshly cleaved mica surface (Figure 4.9 a-c and g-e) and 
compared to a dispersion of un-functionalized MWNTs. The topographic analysis conducted to 
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evaluate the morphological properties of MWCNTs-[X•114]n, showed in both cases the presence of 
very well dispersed MWCNTs as a probable consequence of their high dispersibility into the starting 
organic solvent (CHCl3).  
A closer analysis of these samples clearly showed the presence of periodic structures having 
alternating lumps on MWCNTs (Figure 4.9 a,g) that were not present in the case of the pristine 
MWCNTs (Figure 4.9 d,e). The distance between two adjacent heights was found by profile analysis 
to ranges from 20 to 50 nm. These periodic structures were attributed to the supramolecular 
coordination based polymeric nanowires that wrap around MWCNTs thus imparting their solubility. 
The final confirmation of the presence of soft organic material onto the CNT surface was given by 
phase imaging of the composite MWCNTs-[X•114]n hybrid systems (Figure 4.9 b,h). Indeed, in both 
cases the phase analysis revealed the presence of areas of the sample characterized by different 
contrast as a consequence of the presence of parts of the CNTs’ surface characterized by different 
mechanical and viscoelastic properties. These changes are ascribable to the adsorption onto the CNTs 
surface of organic material possessing different physical properties in respect to the graphitic CNTs 
backbone. By summing the phase imaging to the topography, we were able to produce a topographic 
functionalization map indicating the areas in which the local density of the polymer was higher along 
the CNTs backbone (Figure 4.9 c, i). In the case of MWCNTs-[112•114]n the disposition of the 
polymers seemed to be more localized in small areas, ranging from 50 to 100 nm, along the MWCNTs 
structure, whereas for the MWCNTs-[113•114]n system the distribution of the polymer seemed to be 
more uniform along the material. 
UV-Vis analysis of the MWCNTs-[X•114]n composite materials was also performed in order to 
characterize at the qualitative level the presence of the porphyrinic antenna systems on the CNTs 
surface. 
Figure 4.10 Superimposed UV-Vis spectra of the composite materials composed by MWCNTs-[112•114]n and MWCNTs-
[112]n (a), and of MWCNTs-[112•114]n and MWCNTs-[112]n,(b). 
Our previous investigations have shown that molecules 112 and 113 exhibit intense absorptions in the 
UV-Visible region and are good luminophores in solution (CHX) as well as their polymeric 
derivatives. UV-Vis investigation were therefore carried out on both the assembly constituted by 
MWCNTs-[X•114]n and MWCNTs-[X]n in order to verify the effectiveness of the complexation 
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reactions (Figure 4.10). UV-Vis spectra of the single components hybrid materials composed by 
MWCNTs-[X]n showed in a remarkable way the presence of Soret bands, relative to the porphyrin 
structures with maxima at approximately 420 nm (comparable with the value obtained from the 
previously studied uncomplexed systems). At the same time the exponential absorption features 
characteristic of the MWCNTs resulted to be very low in comparison with the systems composed by 
MWCNTs-[X•114]n, this can be ascribed to the lower solubility that MWCNTs-[X]n systems possess 
in comparison with the polymeric one, inducing in this way the presence of a lower fraction of 
dispersed CNTs in solution. Most notably in the case of MWCNTs-[X•114]n, the Soret band peaks 
resulted to be shifted in comparison with the MWCNTs-[X]n, as a consequence of the occurrence of 
the supramolecular polymerization process also in the presence of MWCNTs as templating material. 
Conceptually, the research described in this work introduces the idea of using coordination based 
polymers to induce a reversible supramolecular functionalization of MWCNTs, exploiting the 
dynamic axial coordination process between different di-porphyrinic derivatives and a complementary 
bidentate linear units. Characterization of the MWCNTs-[X•114]n hybrid materials was provided by 
the combination of different complementary techniques such as spectroscopic (absorption and 
emission), thermogravimetric (TGA) and microscopic (AFM). As a further step toward the 
optimization of this work, the material obtained so far will be inserted into new generation functional 
devices, such as field effect transistor (FET), in order to investigate its charge transfer ability under 
light and dark conditions and to prepare new functional materials based on the dynamic coordination 
approach method. 
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 CHAPTER V  
 
EXPERIMENTAL PART 
 
5.1 Instrumentation 
 Thin layer chromatography (TLC) were conducted on pre-coated glass plates with 0.25 mm 
Macherey-Nagel silica gel with fluorescent indicator UV254 . 
 Column chromatography (CC) were carried out with Merck silica gel 60 (particle size 40-63 
mm). 
 Melting Points (m.p.) were measured on a Büchi SMP-20. 
 Nuclear magnetic resonance (NMR) 200 MHz 1H-NMR and 50 MHz 13C-NMR spectra were 
obtained on a Varian Gemini 200 spectrometer. 400 MHz 1H-NMR spectra were obtained on a Jeol 
JNM-EX400. Chemical shifts are reported in ppm using the solvent residual signal as an internal 
reference (CDCl3: δH = 7.26 ppm, δC = 77.16 ppm, CD3OD: δH = 3.31 ppm, δC = 49.00 ppm, Me2SO-
d6: δH = 2.50 ppm, δC = 39.52 ppm, C5D5N: δH = 7.19, 7.55, 8.71 ppm, δC = 123.5, 135.5, 149.5 ppm). 
Coupling constants (J) are given in Hz. The resonance multiplicity is described as s (singlet), d 
(doublet), t (triplet), q (quartet), dd (doublet of doublets), m (multiplet), br (broad signal). 
 Infrared spectra (IR) in KBr were recorded on a Perkin Elmer 2000 spectrometer by Paolo de 
Baseggio.  
 Mass spectrometry measurements (MS) Electrospray Ionization (ESI) performed on a Perkin-
Elmer API1 at 5600 eV and Electron Impact (EI) performed on a Ion trap GCQ Finnigan 
Thermoquest at 70 eV were recorded at Università degli Studi di Trieste by Dr. Fabio Hollan. 
 Optical rotations and CD measurements. Optical rotations were measured on a polarimeter 
with a sodium lamp (l = 589 nm) and are reported as follows: [a]25D (c = g (100 mL)-1, solvent).CD 
spectroscopy was performed using a Jasco J-815 spectropolarimeter. 
 
5.2 Materials and General Methods 
 Chemicals were purchased from, Aldrich, Fluka and Riedel and used as received. Solvents were 
purchased from JTBaker and Aldrich, and deuterated solvents from Cambridge Isotope Laboratories. 
 General solvents such as CH2Cl2, EtN3, Toluene, THF and were distilled from CaH2, Na and 
Na/benzophenone, respectively. Other solvents used were of synthetic grade. 
 Low temperature baths were prepared using different solvent mixtures depending on the desired 
temperature: - 78 ºC: acetone/liquid N2; -10 ºC: ice/NaCl; 0 ºC: ice/H2O. 
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 When anhydrous conditions were required, reaction flasks were dried with a heating gun (300-
500 ºC), placed under vacuum (aprox. 1 mmHg) using a Schlenk line and purged with N2 or Ar. To 
adjust the reaction flask’s necks silicon stoppers were used, and ballons filled with Ar where used to 
keep the inert atmosphere. The addition of reagents was done by means of plastic or crystal syringes. 
 For all the Sonogashira reactions it was necessary to work with an oxygen free atmosphere, to 
achieve so, the “Freeze-Pump-Thaw” technique was used. Such technique involves freezing (using 
liquid N2) the reaction material under high vacuum in a reaction flask that is connected to the vacuum 
line under Ar atmosphere. The frozen sample is then thawed until it liquefies and is kept in this form 
for some time (ca. 10-15 min) without interrupting the vacuum. 
 
5.3 Specific Instrumentation and Techniques 
 
5.3.1 Spectrometric Characterisation  
The solutions for spectroscopic studies were prepared by injecting microlitre amounts (10/20 µL) of 1 
mM solutions in THF of each compound into 3 mL of cyclohexane. Electronic absorption and 
emission measurements were carried out, respectively, on a Lambda 950 UV/VIS/NIR 
spectrophotometer (Perkin Elmer) and on a Edinburgh FLS920 spectrofluometer (continuous 450 W 
Xe lamp), equipped with a Peltier-cooled Hamamatsu R928 photomultiplier tube (185-850 nm). The 
temperature of the solutions was varied with HAAKE F3-C digital heated/refrigerated water bath 
(Haake Mess-Technik GmbH u.Co., Germany) which can be manually connected to cuvette holder and 
controlled externally. Emission quantum yields were determined according to the approach described 
by Demas and Crosby[1] sing Ruthenium (Φem = 0.028 in air-equilibrated acid/H2O solution, 1 N 
H2SO4) as standard. All the solvent (THF and cyclohexane) are spectrophotometric grade Sigma-
Aldrich, (99+%) and were used as received.  
5.3.2 AFM and TEM microscopic Characterisation 
The samples for microscopic studies were prepared by heating cyclohexane solutions to 80 ºC to break 
any kind of aggregate formed; the samples were then slowly cooled down to room temperature to 
induce the formation of the thermodynamically favoured nanostructures. For TEM analysis, a drop (10 
µl) of each solution was placed on a carbon coated nickel grid (3.00 mm, 200 mesh). After drying at 
r.t., the samples were observed with a TEM Philips EM 208 microscope (accelerating voltage of 100 
kV). The samples for AFM imaging were prepared by drop-casting each solution (10 µl) onto a freshly 
cleaved mica piece (0.5 cm × 0.5 cm), allowed to dry for a few minutes and then investigated by using 
Digital Instruments (Veeco) Nanoscope IIIa (Tapping Mode) with Veeco RTESP7 Tips. TEM 
measurements were performed together with Mr. Claudio Gamboz at Centro Servizi Polivalenti di 
Ateneo, Università di Trieste. 
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CHAPTER II 
Assembly [91•84]n preparation of the blank !. 20 μL of each solutions 1.4 mM, and 0.14 mM in 
CH2Cl2/o-Xylene (9:1) were drop casted on a freshly cleaved mica surface and dried under vacuum for 
one hour in order to completely remove the residual solvent. 
Assembly [91·84]n, preparation of samples. Solutions of 91 and 84 (in 1:1 molar ratio) were 
prepared in CH2Cl2/o-Xylene (9:1) at concentrations of 1.4 and 0.14 mM, respectively. 20 mL of each 
solution was then drop cast onto a freshly cleaved mica surface and heated at 145°C under argon 
atmosphere for 15min. The samples were then dried under vacuum for 10 min to assure the complete 
removal of all residual solvent. 
Assembly [91•84]n preparation of the blank !. 20 μL of solutions 1.4 and 0.14 mM in CH2Cl2/o-
Xylene (9:1) were drop casted each on a freshly cleaved mica surface and dried under vacuum for one 
hour in order to completely remove all the residual solvent. 
Assembly [92·84]n, preparation of samples. Solutions of 92 and 84 (in 1:1 molar ratio) were 
prepared in CH2Cl2/o-Xylene (9:1) at concentrations of 1.2 mm and 0.12 mm, respectively. 20 mL of 
each solution was then drop cast onto a freshly cleaved mica surface and heated at 145°C under argon 
atmosphere for 15 min. The samples were then dried under vacuum for 10 min to assure complete 
removal of the residual solvent. 
Assembly [93·84]n, preparation of samples. Twenty microliters of a solution of molecules 93 and 84 
(1:1) in CH2Cl2/o-Xylene (9:1) at a concentration of 0.014 mM were drop cast onto freshly cleaved 
mica surfaces and heated at the respective temperature (65, 90, "120, 136, 145 195 °C) for 15 min 
under an Ar atmosphere. Then the samples were dried under vacuum for 10 min to ensure the 
complete removal of the residual solvent. 
Molecule 91, 92, 93 and 84, preparation of the blanks !. 20 μL of a solution of molecules 91, 92, 93 
and 84 in CH2Cl2/o-Xylene (9:1) at the concentration of 0.14 mM (91, 92 and 93) and 0.12 mM (84) 
were drop casted on a freshly cleaved mica surfaces and heated at 145 °C for 15 minutes under argon 
atmosphere. Following this, the samples were dried under vacuum for 10 minutes to assure the 
complete removal of the residual solvent. 
 
CHAPTER III 
Assembly [(X)-104•84]n sample preparation: The solutions for the TM-AFM analysis were prepared 
by adding an aliquote of molecular units (R)-104 or (S)-104 at known concentration in THF, to a 
solution of molecule 84 in THF, stirred and diluted with CHX upon arriving to the final solvent ratio 
(95:5, 90:0 or 80:20) and heated in the same solvent mixture at 80 °C, all was stirred at the same 
temperature for ca.10 min. and then allowed to cool overnight (Final concentration: 2.3 mM). 30 µL of 
the solution obtained in this way was then drop-casted onto a freshly cleaved Mica surface and let dry 
by simple atmospheric evaporation.  
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Blank preparations: The solutions for the TM-AFM analysis were prepared by diluting an aliquote 
of molecular units (R)-104 or (S)-104, or 84 with CHX upon arriving to the final solvent ratio (95:5, 
90:0 or 80:20) and heated in the same solvent mixture at 80 °C, all was stirred at the same temperature 
for ca.10 min. and then allowed to cool overnight (Final concentration: 2.3 mM). 30 µL of the solution 
obtained in this way was then drop-casted onto a freshly cleaved Mica surface and let dry by simple 
atmospheric evaporation.  
 
CHAPTER IV 
Assembly [109·111]n, preparation of samples. Twenty microliters of a solution of molecules 109 and 
111 (1:1) in CHX at a concentration of 1.4 mM were drop cast onto freshly cleaved mica surfaces and 
dried by atmospheric evaporation. 
Assembly [110·111]n, preparation of samples. Twenty microliters of a solution of molecules 110 and 
111 (1:1) in CHX at a concentration of 1.4 mM were drop cast onto freshly cleaved mica surfaces and 
dried by atmospheric evaporation. 
MWCNT-[109·111]n preparation of samples. Twenty microliters of a dispersion containing 
MWCNT-[109·111]n in CH2Cl2 at a concentration of 0.1 mg/mL were drop cast onto freshly cleaved 
mica surfaces and dried by atmospheric evaporation. 
MWCNT-[110·111]n preparation of samples. Twenty microliters of a dispersion containing 
MWCNT-[110·111]n in CH2Cl2 at a concentration of 0.1 mg/mL were drop cast onto freshly cleaved 
mica surfaces and dried by atmospheric evaporation. 
 
5.3.3 Thermogravimetric (TGA) characterizations 
Thermogravimetric analyses were carried out on a TGA Q500 series V6.3 Build 189 produced by TA 
Instruments. The relative data were elaborated using Universal Analysis V4.1D software. 
 
CHAPTER II 
Operative procedure for compounds 91, 92 and 93. To perform the TGA analysis, 0.42 mg of 
compound were analysed on a platinum pan under nitrogen flow at 60 mL/min using the protocol here 
reported: (a) equilibration of the sample at 35 °C for 10 min, (b) temperature ramp of 2.00 °C/min 
until reaching 300 °C, and (c) equilibration of the sample at 50 °C. 
Operative procedure for compound 93a. To perform the TGA analysis, 1.47 mg of the compound 
were analysed on a platinum pan under nitrogen flow at 60 mL/min using the protocol reported here: 
(a) equilibration of the sample at 45 °C for 10 min, b) temperature ramp of 5.00 °C/min until reaching 
300 °C, and (d) equilibration of the sample at 50 °C. 
 
CHAPTER IV 
Operative procedure for assembly [109·111]n. To perform the TGA analysis, 1.52 mg of the 
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assembly [109·111]n were analysed on a platinum pan under nitrogen flow at 60 mL/min using the 
protocol reported here: (a) equilibration of the sample at 45 °C for 10 min, b) temperature ramp of 
5.00 °C/min until reaching 650 °C, and (d) equilibration of the sample at 50 °C. 
 
Operative procedure for assembly [110·111]n To perform the TGA analysis, 1.57 mg of the 
assembly [110·111]n were analysed on a platinum pan under nitrogen flow at 60 mL/min using the 
protocol reported here: (a) equilibration of the sample at 45 °C for 10 min, b) temperature ramp of 
5.00 °C/min until reaching 650 °C, and (d) equilibration of the sample at 50 °C. 
 
Operative procedure for composite material MWCNT-[109·111]n To perform the TGA analysis, 
3.10 mg of the hybrid material MWCNT-[109·111]n were analysed on a platinum pan under nitrogen 
flow at 60 mL/min using the protocol reported here: (a) equilibration of the sample at 50 °C for 120 
min, b) temperature ramp of 5.00 °C/min until reaching 650 °C, and (d) equilibration of the sample at 
50 °C. 
 
Operative procedure for composite material MWCNT-[110·111]n To perform the TGA analysis, 
2.07 mg of the hybrid material MWCNT-[110·111]n were analysed on a platinum pan under nitrogen 
flow at 60 mL/min using the protocol reported here: (a) equilibration of the sample at 50 °C for 120 
min, b) temperature ramp of 5.00 °C/min until reaching 650 °C, and (d) equilibration of the sample at 
50 °C. 
 
5.4 Detailed Experimental Procedures 
 
1-Hexyluracil (94) 
 
 
 
To a suspension of uracil (2.8 g, 25 mmol) in DMSO (30 mL), dry K2CO3 (3.8 g, 27.5 mmol) was 
added and the suspension stirred for some minutes (15-20 min). 1-Bromohexane (3.5 mL, 25 mmol) 
was then added and the reaction mixture stirred for 20 h at 40 ºC. The suspension was diluted with 
CHCl3, washed with a 0.1M HCl aq. solution (20 mL × 3), H2O (20 mL × 2), brine (20 mL), and dried 
over Na2SO4. The organic layer was concentrated and poured in cold hexane under vigorous stirring. 
The resulting precipitate was filtered and washed with cold hexane to afford compound 94 (2.1 g, 44 
%) as a white solid.[2] m.p. 91-95 ºC; 1H-NMR (200 MHz, CDCl3): δ 10.1 (br, 1H; CONHCO), 7.1 (d, 
NH
N
O
O
CHAPTER(V(   
 
   97 
3J(H,H) = 7.9 Hz, 1H; COCH), 5.7 (d, 3J(H,H) = 7.9 Hz, 1H; NCH), 3.7 (t, 3J(H,H) = 7.4 Hz, 2H; 
NCH2(CH2)4CH3), 1.7 (t, 3J(H,H) = 7.4 Hz, 2H; NCH2CH2(CH2)3CH3), 1.3 (m, 6H; 
N(CH2)2(CH2)3CH3), 0.9 (t, 3H; N(CH2)5CH3); 13C-NMR (50 MHz, CDCl3): δ 164.14, 150.93, 144.37, 
101.92, 48.78, 31.24, 28.92, 25.98, 22.39, 13.91; IR (cm−1): ν 3417.2, 3155.1, 3098.2, 3044.9, 2951.0, 
2931.8, 2862.1, 2821.1, 1975.3, 1694.0, 1646.9, 1467.1, 1420.6, 1368.8, 1250.3, 1179.3, 989.5, 887.7; 
816.5, 761.0, 726.0, 558.5; MS (70 eV, EI): Found 196 (M+), C10H16N2O2 requires = 196.09. 
 
1-Hexyl-6-iodouracil (95) 
 
 
 
To a solution of 1-Hexyluracil 94 (1.7 g, 8.7 mmol) in THF (55 mL), LDA (24 mL of a 1.8 M 
solution, 43.5 mmol) was added dropwise and the resulting solution stirred under Ar at -78 ºC for 1.5 
h. I2 (11 g, 43.5 mmol) was added and the reaction mixture stirred for 2 h. The solution was then 
treated with AcOH (1.2 mL), and allowed to warm to r.t. The organic phase was diluted with CHCl3 
(30 mL), washed with sat. aq. NaHCO3 solution (30 mL × 3), sat. aq. Na2SO3 solution (30 mL × 3), 
brine (30 mL), and dried over Na2SO4. Evaporation of the solvents in vacuo and purification of the 
crude by CC (AcOEt/cyclohexane 5:5) yielded compound 95 (1.68 g, 60%) as a white solid.[2] m.p. 
123-125 ºC; 1H-NMR (200 MHz, CDCl3): δ 8.6 (br, 1H; CONHCO), 6.4 (s, 1H; COCH), 4.0 (t, 
3J(H,H) = 8.1 Hz, 2H; NCH2(CH2)4CH3), 1.7 (t, 3J(H,H) = 8.1 Hz, 2H; NCH2CH2(CH2)3CH3), 1.3 (m, 
6H; N(CH2)2(CH2)3CH3), 0.9 (t, 3H; N(CH2)5CH3); 13C-NMR (50 MHz, CDCl3): δ 161.04, 148.02, 
115.73, 113.92, 53.84, 31.46; 28.85; 26.14; 22.69, 14.17; IR (cm−1): ν 3173.7, 3043.6, 1953.7, 2932.6, 
2917.1, 2855.1, 1684.9, 1567.8, 1431.0, 1394.5, 1353.7, 1220.4, 1169.4, 1071.9, 1002.7, 827.4, 792.1, 
750.9, 720.9, 635.4, 572.8, 537.0; MS (70 eV, EI): Found 322 (M+), C10H15IN2O2 requires = 322.14. 
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1-Hexyl-3-(tert-butyloxycarbonyl)-6-iodouracil (96) 
 
 
 
To a solution of 95 (1.60 g, 4.9 mmol) in anhydrous MeCN (10.0 mL), 1.3 mL of Py were added. 
After stirring the solution for 15 min at 55°C, BOC2O (2.03 g, 14.3 mmol) was added and the whole 
solution stirred overnight at 55°C. H2O (20 mL) was added to the mixture and the organic phase 
extracted with CHCl3 (30 mL × 3) and dried over Na2SO4. Concentration of the organic layer under 
vacuum and purification of the crude by CC (cyclohexane/AcOEt 9:1) yielded 96 (0.75 g, 40 %) as a 
dark brown oil.[3] 1H-NMR (200 MHz, CDCl3) δ 6.43 (s, 1H; COCH), 4.04 (t, 3J(H,H) = 8.1 Hz, 2H; 
NCH2(CH2)4CH3), 1.68 (m, 2H; NCH2CH2(CH2)3CH3), 1.58 (s, 9H; COC(CH3)3), 1.33 (m, 6H; 
N(CH2)2(CH2)3CH3), 0.88 (t, 3H; N(CH2)5CH3); 13C-NMR (50 MHz, CDCl3): δ 158.4, 147.2, 146.2, 
115.1, 113.3, 86.9, 54.2, 31.3, 28.6, 27.4, 25.9, 22.5, 13.9; IR (cm–1) 3406.8, 2957.1, 2932.4, 1778.6, 
1709.6, 1673.8, 1570.5, 1371.4, 1255.0, 1108.8, 845.3, 739.3; MS (ESI 5600; eV) Found 444.9 
(M+Na)+, C15H23IN2O4Na requires = 445.26. 
 
1,4-Bis[(trimethylsilyl)ethynyl)]benzene (97) 
 
 
 
To a degassed solution of dry Et3N (8 mL) and dry THF (8 mL), 1,4-diiodobenzene (1 g, 3.03 mmol), 
[Pd(PPh3)4] (0.137 g, 0.12 mmol), and CuI (0.05 g, 0.24 mmol) were added and the mixture degassed 
a second time. TMSA (1.3 mL, 9.09 mmol) was added, the reaction mixture degassed one last time, 
and stirred overnight at 80 °C under Ar. The crude was filtered over celite, concentrated under vacuum 
and purified by CC (cyclohexane) yielding compound 97 (0.8 g, 98%) as a white solid. m.p. 107-110 
ºC; 1H-NMR (200 MHz, CDCl3): δ 7.3 (s, 4H; Ar-H), 0.25 (s, 18H, Si(CH3)3);  13C-NMR (50 MHz, 
CDCl3): δ 131.84, 123.24, 104.68, 96.42, 0.14; IR (cm−1): ν 2956.4, 2898.8, 2365.5, 2156.2, 1492.2, 
1412.9, 1245.8, 1215.5, 845.7, 759.0, 698.1, 628.0, 551.5; MS (70 eV, EI): Found 270 (M+) C16H22Si2 
requires = 270.52. 
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1,4-Diethynylbenzene (98) 
 
 
 
To a solution of TMS-protected ethynylbenzene derivative 97 (0.7 g, 2.6 mmol) in MeOH (20 mL), a 
1M KOH aq. solution was added and the mixture stirred at r.t. for 40 min. H2O (10 mL) was added 
and the organic phase extracted with CHCl3  (10 mL × 5) and dried over Na2SO4. Evaporation of the 
solvent under vacuum yielded compound 98 as a white crystalline solid in a quantitative yield.[4] m.p. 
86-89 ºC; 1H-NMR (200 MHz, CDCl3): δ 7.4 (s, 4H; Ar-H), 3.2 (s, 2H; acetylene-H); 13C-NMR (50 
MHz, CDCl3): δ 132.04, 122.59, 83.12, 79.21 ;IR (cm−1): ν 3435.3, 3264.6, 2925.5, 2854.2, 2346.2, 
2366.5, 1628.4, 1412.5, 1263.5, 835.6, 707.1, 676.8, 640.4, 547.2;MS (70 eV, EI): Found 126 (M+) 
C10H6 requires = 126.15. 
 
1,3,5-Tris[(trimethylsilyl)ethynyl]benzene (99) 
 
 
 
To a degassed solution of dry Et3N (10 mL), 1,3,5-tribromobenzene (1.0 g, 3.17 mmol), [Pd(PPh3)4] 
(0.150 g, 0.13 mmol), and CuI (0.048 g, 0.25 mmol) were added and the mixture degassed a second 
time. TMSA (10 mL, 12.70 mmol) was added, the reaction mixture degassed one last time, and stirred 
overnight at 80 °C under Ar. The crude was filtered over celite, concentrated under vacuum and 
purified by CC (cyclohexane) yielding compound 99 (1.19 g, 97%) as a brown solid.[3] m.p. 64-67 ºC; 
1H-NMR (200 MHz, CDCl3): δ 7.5 (s, 3H; Ar-H), 0.2 (s, 27H; Si(CH3)3);  13C-NMR (50 MHz, 
CDCl3): δ 134.94, 123.69, 103.19, 95.63, 0.02; IR (cm−1): ν 3435.9, 2959.2, 2899.3, 2857.8, 2165.3, 
1579.5, 1410.8, 1250.5, 1162.4, 1108.8, 980.7, 882.5, 843.1, 760.6, 700.7, 680.5, 652.2; MS (70 eV, 
EI): Found 366.72 (M+) C21H30Si3 requires = 366.72. 
 
 
 
 
 
 
H
H
TMS
TMS
TMS
CHAPTER(V(   
 
   100
1,3,5-Triethynylbenzene (100) 
 
 
 
To a solution of TMS-protected ethynylbenzene derivative 99 (0.09 g, 0.25 mmol) in MeOH (3.3 mL), 
a 1M KOH aq. solution was added and the mixture stirred at r.t. for 40 min. H2O (5 mL) was added, 
the organic phase extracted with CHCl3 (5 mL × 5), and dried over Na2SO4. Evaporation of the solvent 
under vacuum yielded compound 100 as a brown crystalline solid in a quantitative yield.[3] m.p. 95-97 
ºC; 1H-NMR (200 MHz, CDCl3): δ 7.6 (s, 3H; Ar-H), 3.1 (s, 3H; acetylene-H); 13C-NMR (50 MHz, 
CDCl3): δ 135.68, 122.95, 81.68, 78.79; IR (cm−1): ν 3436.4, 3296.2, 3280.6, 2925.7, 1788.3, 1580.4, 
1413.4, 1250.9, 884.5, 677.8, 663.7, 612.7; MS (70 eV, EI): Found 149 (M+) C12H6 requires = 150.18. 
 
1,3,6,8-Tetrabromopyrene (101) 
 
 
 
A solution of pyrene (2 g, 9.8 mmol) in nitrobenzene (40 mL) was stirred at 120 ºC for 30 min. 
Following this, Br2 (2.3 mL, 44 mmol) was added dropwise. The mixture was vigorously stirred for 4 
h and then EtOH (50 mL) was slowly added and the mixture stirred 1 h at r.t. The precipitate formed 
was filtered off, washed with EtOH and dried under vacuum yielding 101 (4 g, 79%) as a pale-green 
solid insoluble in all common organic solvents.[2] m.p. > 220 ºC; IR (cm−1): ν 3436.3, 1592.0, 1466.2, 
1453.1, 1227.2, 1054.7, 987.8, 873.8, 839.3, 811.9, 691.5, 674.4, 495.5; MS (70 eV, EI, TFA): Found 
518 (M+), C16H8Br4 requires = 519.85.  
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1,3,6,8-Tetrakis[(trimethylsilyl)ethynyl]pyrene (102) 
 
 
 
To a degassed solution of dry iPr2NH (20 mL) and dry THF (20 mL), tetrabromopyrene derivative 101 
(1 g, 1.93 mmol), [Pd(PPh3)2Cl2] (0.067 g, 0.096 mmol) and CuI (0.018 g, 0.096 mmol) were added 
and the resulting solution degassed a second time. Finally, TMSA (1.6 mL, 11.5 mmol) was added, the 
reaction mixture degassed one last time and the final mixture stirred overnight at 80 °C under Ar. 
Notably, after a few minutes the reaction colour changed from green to intense orange. The resulting 
mixture was filtered over celite and extensively washed with CH2Cl2 (30 mL) and MeOH (30 mL). 
Removal of the solvents under vacuum and purification of the crude by CC (heptane) yielded 102 
(1.16 g, 88%) as a bright orange solid.[2] m.p. > 220 ºC; 1H NMR (200 MHz, CDCl3): δ 8.7 (s, 4H; H4, 
H5, H9, H10), 8.4 (s, 2H; H2, H7), 0.5 (s, 36H; Si(CH3)3); 13C-NMR (50 MHz, CDCL3): δ 134.55, 
131.99, 126.98, 123.5, 118.64, 102.93, 101.46, 0.32; IR (cm−1): ν 3436.1, 2959.3, 2151.7, 1417.7, 
1249.1, 1105.0, 890.6, 842.9, 759.8, 641.9; MS (70 eV, EI): Found 586 (M+), C36H42Si4 requires = 
587.06.  
 
1,3,6,8-Tetraethynylpyrene (103) 
 
 
 
Trimethylsilylethynylpyrene derivative 102 (0.17 g, 0.59 mmol) was dissolved in a 1:1 MeOH/CH2Cl2 
mixture (20 mL) and 4 mL of a 1M KOH aq. solution added. The mixture was stirred overnight at r.t. 
As the reaction proceeded a yellow precipitate appeared. H2O (10 mL) was then added to the mixture 
and the organic phase extracted with CHCl3  (10 mL × 5) and dried over Na2SO4. Evaporation of the 
solvent under vacuum yielded 103 as a yellow solid in a quantitative yield, which resulted insoluble in 
all common organic solvents.[2] m.p.: the compound burns at 190 ºC; 1H-NMR (200 MHz, 
CDCl3:CD3OD): δ 8.7 (s, 4H; H4, H5, H9, H10), 8.4 (s, 2H; H2, H7), 3.7 (s, 4H; acetylene-H); IR (cm−1): 
ν 3435.7, 3280.8, 2100.5, 1600.7, 1468.6, 1115.8, 905.5, 831.9, 670.0, 608.8, 473.2; MS (70 eV, EI): 
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Found 298 (M+), C24H10 requires = 298.34. NOTE: The low solubility of the compound did not allow 
to perform the 13C-NMR.  
 
1,4-Bis[(1-hexyl-3-tert-butyloxycarbonyl)-6-ethynyl-uracil]benzene (91) 
 
 
 
To a degassed solution of dry Et3N (2.5 mL) and THF (2.5 mL), 96 (0.19 g, 0.35 mmol), [Pd(PPh3)4] 
(0.013 g, 0.013 mmol) and CuI (0.004 g, 0.026 mmol) were added and the mixture degassed a second 
time. 98 (0.020 g, 0.16 mmol) was then added, the reaction mixture degassed one last time, and stirred 
overnight at r.t. under Ar. The crude mixture was then filtered over celite, concentrated under vaccum 
and purified by CC (cyclohexane/AcOEt 8:2) yielding 91 (0.023g, 70%) as a white solid.[3] 1H-NMR 
(200 MHz, CDCl3): δ 7.57 (s, 4H; Ar-H), 6.05 (s, 2H; COCH), 4.03 (t, 3J(H,H) = 7.4 Hz, 4H; 
NCH2(CH2)4CH3), 1.77 (m, 4H; NCH2CH2(CH2)3CH3), 1.60 (s, 18H; COC(CH3)3) 1.33 (m, 12H; 
N(CH2)2(CH2)3CH3), 0.86 (t, 6H; N(CH2)5CH3); 13C-NMR (50 MHz, CDCl3): δ 159.5, 148.6, 147.6, 
137.3, 132.3, 122.3, 107.1, 98.9, 87.1, 82.8, 47.4, 31.5, 28.8, 27.5, 26.6, 22.7, 14.1; IR (cm–1): ν 
3442.8, 2958.5, 2929.1, 2860.7, 2363.5, 2220.7, 1779.9, 1714.4, 1682.7, 1596.2, 1447.6, 1370.6, 
1257.9, 1150.2, 843.4; MS (70 eV, EI): Found 514 (M+ − 2 BOC), C40H50N4O8 − 2 BOC requires = 
514.62. 
 
1,3,5-Tris[(1-hexyl-3-tert-butyloxycarbonyl)-6-ethynyl-uracil]benzene (92) 
 
 
 
To a degassed solution of dry Et3N (3 mL) and THF (3 mL), 96 (0.24 g, 0.13 mmol), [Pd(PPh3)4] 
(0.012 g, 0.011 mmol) and CuI (0.005 g, 0.022 mmol) were added and the mixture degassed a second 
time. 99 (0.020 g, 0.44 mmol) was then added, the reaction mixture degassed one last time, and stirred 
overnight at 40 ºC under Ar. The crude mixture was then filtered over celite, concentrated under 
vaccum and purified by CC (cyclohexane/AcOEt 7:3) yielding 92 (0.055g, 39%) as a white solid.[3] 
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1H-NMR (200 MHz, CDCl3): δ 7.71 (s, 3H; Ar-H), 6.04 (s, 3H; COCH), 4.01 (t, 3J(H,H) = 7.4 Hz 6H; 
NCH2(CH2)4CH3), 1.76 (br, 6H; NCH2CH2(CH2)3CH3), 1.60 (s, 27H; COC(CH3)3), 1.33 (m, 18H; 
N(CH2)2(CH2)3CH3), 0.85 (t, 9H; N(CH2)5CH3); 13C-NMR (50 MHz, CDCl3): δ 159.1, 149.2, 147.9, 
136.9, 136.0, 122.5, 107.9, 96.2, 87.2, 82.2, 47.5, 31.9, 29.2, 28.0, 27.1, 20.3, 14.0; IR (cm–1): ν 
3379.9, 3092.1, 2957.2, 2928.8, 2222.7, 1785.4, 1715.9, 1678.3, 1598.9, 1432.5, 1389.0, 1370.8, 
1256.1, 1147.7, 842.9, 816.9. MS (5600 eV, ESI): Found 733.4 (M+ − 3 BOC), 755.4 (M + Na+ − 3 
BOC), C57H72N6O12 − 3 BOC requires = 732.87, C57H72N6O12Na − 3 BOC requires = 755.87. 
 
1,3,6,8-Tetrakis[(1-hexyl-3-tert-butyloxycarbonyl)-6-ethynyl-uracil]pyrene (93) 
 
 
 
To a degassed solution of dry Et3N (2.5 mL) and THF (2.5 mL), 96 (0.16 g, 0.29 mmol), [Pd(PPh3)4] 
(0.010 g, 0.008 mmol) and CuI (0.003 g, 0.016 mmol) were added and the mixture degassed a second 
time. 103 (0.015 g, 0.042 mmol) was then added, the reaction mixture degassed one last time, and 
stirred overnight at 40 ºC under Ar. The crude mixture was then filtered over celite, concentrated 
under vaccum and purified by CC (cyclohexane/AcOEt 8:2) yielding 93 (0.010g, 10%) as an orange 
powder.[5] 1H-NMR (200 MHz, CDCl3): δ 8.66 (s, 4H; H4, H5, H9, H10), 8.45 (s, 2H; H2, H7), 6.26 (s, 
4H; COCH), 4.20 (t, 8H; NCH2(CH2)4CH3), 1.91 (m, 8H; NCH2CH2(CH2)3CH3), 1.58 (s, 36H; 
COC(CH3)3), 1.32 (m, 24H; N(CH2)2(CH2)3CH3), 0.79 (t, 3J(H,H) = 7.5 Hz 12H; N(CH2)5CH3); 13C-
NMR (50 MHz; CDCl3): δ 159.4, 148.8, 147.5, 137.1, 135.2, 133.3, 128.0, 123.8, 117.5, 107.7, 96.8, 
87.6, 87.4, 47.7, 31.6, 29.2, 27.7, 26.7, 22.8, 14.2. MS (5600 eV, ESI): Found 1498.3 (M + Na)+, 
1397.5 (M + Na+ − 1 BOC), 1297.5 (M + Na+ − 2 BOC), 1197.5 (M + Na+ − 3 BOC), 1097.7 (M + 
Na+ − 4 BOC), 1075.7 (M − 4 BOC), C84H98N8O16Na requires = 1498.72, C84H98N8O16 Na − 1 BOC 
requires = 1397.66, C84H98N8O16 Na − 2 BOC requires = 1298.49, C84H98N8O16 Na − 3 BOC requires 
= 1198.37, C84H98N8O16 Na − 4 BOC requires = 1098.26, C84H98N8O16 − 4 BOC requires = 1075.26. 
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1,3,6,8-Tetrakis[(1-hexylurac-6-yl)ethynyl]pyrene (93a).  
 
 
 
To a degassed solution of dry THF (5 mL) and Et3N (5 mL), 1-hexyl-6-iodouracil 95 (0.270 g, 0.84 
mmol), [Pd(PPh3)4] (4 mg, 0.034 mmol), and CuI (13 mg, 0.068 mmol) were added and the resulting 
mixture degassed a second time. 1,3,6,8-Tetraethynylpyrene 103 (0.05 g, 0.17 mmol) was added, the 
solution degassed one last time, and stirred overnight at 45 °C under Ar. Notably, after some minutes 
the reaction colour changed and a red precipitate appeared. The suspension was then concentrated in 
vacuo and the crude purified by several precipitations from CHCl3 upon addtion of MeOH yielding 
compound 93a (0.082 g, 46%) as a dark red solid.[5] 1H-NMR (400 MHz, C5D5N): δ 9.03 (s, 4 H; H4, 
H5, H9, H10), 8.90 (s, 2 H; H2, H7), 6.64 (s, 4 H; COCH), 4.37 (br, 8 H; NCH2(CH2)4CH3), 2.01(m, 8 H; 
NCH2CH2(CH2)3CH3), 1.53 (m, 8 H; N(CH2)2CH2(CH2)2CH3), 1.31 (m, 16 H; N(CH2)3(CH2)2CH3), 
0.81 (t, 12 H, N(CH2)5CH3), four imidic protons are missing due to the exchange with pyridine; 13C-
NMR (50 MHz, C5D5N): δ 169.67, 152.14, 137.85, 133.64, 131.88, 126.68, 121.41, 118.21, 109.09, 
96.41, 88.86, 47.09, 32.13, 27.16, 26.32, 23.26, 14.53; IR (cm–1): ν 3442.6, 3164.0, 3034.1, 2954.8, 
2919.3, 2850.8, 2202.9, 1690.2, 1600.0, 1581.9, 1456.2, 1243.3, 1170.5, 1114.1, 825.2, 618.7; MS 
(5600 eV, ESI): Found 1075.4 (M)+, 1098.3 (M + Na)+; C64H66N8O8 requires = 1075.26, 
C64H66N8O8Na requires = 1098.26. 
 
2,6-Di(acetylamino)-4-bromo-pyridine (104) 
 
 
 
To a solution of pyridine (1.4 mL, 17.5 mmol) and Ac2O (2.5 mL, 26.4 mmol), 4-Bromo-2,6-
diaminopyridine (0.45 g, 2.14 mmol) was added and the reaction mixture stirred overnight at r.t. The 
mixture was then diluted with CHCl3 (10 mL), washed with H2O (10 mL × 5), brine (20 mL), and 
dried over Na2SO4. Solvent evaporation and precipitation with Et2O yielded compound 104 in a quant. 
yield as a yellow solid.[6] m.p. 210-215 ºC; 1H-NMR (200 MHz, CD3OD/CDCl3, 1:1): δ 7.7 (s, 2H; Py-
H), 4.3 (s, 2H; CH3CONH-Py), 1.9 (s, 6H; CH3CONH-Py); 13C-NMR (50 MHz, CD3OD/CDCl3, 1:1): 
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δ 171.08, 151.20, 135.53, 112.67, 23.93; IR (cm−1): ν 3311.5, 3124.7, 1685.7, 1577.9, 1538.1, 1415.5, 
1367.2, 1280.8, 1237.7, 1199.7, 1035.0, 996.7, 861.4, 777.4, 746.9, 693.0, 603.0, 561.3, 549.1; MS 
(70 eV, EI): Found 273 (M+), C9H10BrN3O2 requires = 272.  
 
2,6-Di(acetylamino)-4-[(trimethylsilyl)ethynyl]pyridine (105) 
 
 
 
To a degassed solution of dry Et3N (40 mL), dry THF (6 mL) and and dry DMF (1 mL), 104 (0.44 g, 
1.6 mmol), [(Pd(PPh3)4] (0.074 g, 0.06 mmol), and CuI (0.024 g, 0.128 mmol) were added and the 
solution degassed a second time. TMSA (0.44 mL, 3.2 mmol) was then added and the reaction mixture 
degassed one last time, and stirred overnight at 85 ºC under Ar. The resulting dark mixture was 
filtered over celite and washed with toluene (10 mL), CH2Cl2 (20 mL), and MeOH (20 mL). Removal 
of the solvents under vacuum and purification of the crude by CC (cyclohexane/AcOEt 5:5) yielded 
compound 75 (0.33 g, 60%) as a yellow crystalline solid.[6] m.p. 85-90 ºC; 1H-NMR (200 MHz, 
CDCl3): δ 8.4 (br, 2H; CH3CONH-Py), 7.8 (br, 2H; Py-H), 2.0 (s, 6H; CH3CONH-Py), 0.2 (s, 9H; 
Si(CH3)3); 13C-NMR (50 MHz, CDCl3): δ 168.36, 149.49, 135.88, 111.91, 102.44, 99.97, 24.83, 0.11; 
IR (cm−1): ν 3422.9, 3276.1, 2960.2, 2161.9, 1681.5, 1611.9, 1557.9, 1416.0, 1370.0, 1276.1, 1249.7, 
1206.9, 1145.0, 1033.4, 996.7, 983.5, 953.7, 848.1, 760.2, 705.1, 640.7, 625.8, 569.6, 539.3; MS (70 
eV, EI): Found 289 (M+), C14H19N3O2Si requires = 289.41.  
 
2,6-Di(acetylamino)-4-ethynylpyridine (106) 
 
 
  
To a solution of TMS-protected ethynylpyridine derivative 105 (0.4 g, 1.38 mmol) in MeOH (15 mL), 
a 1M KOH aq. solution was added and the mixture stirred at r.t. for 40 min. H2O (10 mL) was added 
and the organic phase extracted with CHCl3  (10 mL × 5) and dried over Na2SO4. Evaporation of the 
solvent under vacuum yielded compound 106 as a yellow crystalline solid in a quantitative yield.[6] 
m.p. 208-213 ºC; 1H-NMR (200 MHz, CD3OD/CDCl3, 1:1): δ 7.8 (br, 2H; Py-H), 4.3 (br, 2H; 
CH3CONH-Py), 3.2 (s, 1H; acetylene-H), 2.0 (s, 6H; CH3CONH-Py); 13C-NMR (50 MHz, 
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CD3OD/CDCl3, 1:1): δ 169.79, 149.79, 134.16, 111.72, 81.31, 24.09; IR (cm−1): ν 3319.0, 3253.2, 
3124.4, 2115.1, 1715.6, 1669.5, 1612.1, 1561.0, 1518.5, 1415.9, 1365.6, 1278.1, 1235.7, 1202.7, 
1037.5, 998.8, 949.9, 876.0, 853.6, 724.9, 703.3, 673.7, 636.7, 562.4; MS (70 eV, EI): Found 217 
(M+), C11H11N3O2 requires = 217.22.  
 
1,4-Bis(dodecyloxy)-2,5-bis[(2,6-di(acetylamino)pyridin-4-yl-)ethynyl]benzene (84) 
 
 
 
To a degassed solution of dry Et3N (4 mL) and THF (4 mL), 107 (0.2 g, 0.29 mmol), [Pd(PPh3)4] 
(0.014 g, 0.012 mmol), and CuI (4 mg, 0.023 mmol) were added and the mixture degassed a second 
time. 2,6-Diacetylamino-4-ethynylpyridine (106) (0.16 g, 0.73 mmol) was then added, the reaction 
mixture degassed one last time, and refluxed overnight at 85 ºC under Ar. The crude mixture was then 
filtered over celite, concentrated under vacuum and purified by CC (cyclohexane/AcOEt, 5:5, then 
AcOEt) yielding 123 (0.121 g, 40%) as a bright yellow solid.[6] m.p. > 240 ºC; 1H-NMR (200 MHz, 
CDCl3): δ 8.1 (s, 4H; Py-H), 7.6 (s, 4H; CH3CONH-Py), 7.0 (s, 2H; Ar-H), 4.1 (t, 3J(H,H) = 8.1, Hz 
4H; Ar-OCH2(CH2)10CH3), 2.2 (s, 12H; CH3CONH-Py), 1.9 (m, 4H; Ar-OCH2CH2(CH2)9CH3), 1.3 
(br, 36H; Ar-O(CH2)2(CH2)9CH3), 0.9 (t, 6H; Ar-O(CH2)11CH3); 13C-NMR (50 MHz, CDCl3): δ 
168.28, 153.66, 149.45, 136.13, 117.33, 113.62, 111.49, 92.95, 90.57, 69.83, 32.11, 29.83, 29.56, 
29.51, 29.29, 26.14, 24.97, 22.88, 14.32; IR (cm−1): ν 3285.3, 2959.1, 2925.6, 2220.3, 2162.1, 1708.1, 
1685.4, 1612.1, 1554.9, 1419.2, 1249.8, 869.7, 843.0, 759.1, 642.1; MS (70 eV, EI): Found 877 (M+), 
C52H72N6O6 requires = 877.16. 
 
(R)-2,2 -Dimethoxy-1,1-binaphthalene ((R)-109) 
 
 
 
To a stirred mixture of (R)-Binol (3.00 g, 10.5 mmol) and K2CO3 (3.18 g, 23.0 mmol) in dry DMF (60 
ml) at 80 °C under N2, MeI (3.27 g, 23.0 mmol) was slowly added, and the mixture was stirred for 16 
h at 80°C. After cooling to 20°C, H2O (360ml) was added, and the aq. phase was extracted with 
CH2Cl2 (3 times, 100 ml). The combined organic layers were washed with 0.5 M KOH (120 ml), H2O 
(120 ml), and sat. aq. NaCl soln. (120 ml), dried over MgSO4, and evaporated. Reprecipitation from 
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Acetone/H2O afforded 109 in quantitative yield as a white coloured solid.[7] m.p. 223 °C. [α]20D = +54° 
(c=1.0, CHCl3). 1H-NMR (200 MHz, CDCl3): δ 3.74 (s, 6H; OCH3), 7.10-7.30 (m, 6H; Ar-H6,7,8), 7.44 
(d, J(H,H) = 9.0 Hz, 2H; Ar-H5), 7.85 (m, 2H; Ar-H3), 7.95 (d, 3J(H,H) = 9.0 Hz, 2H; Ar-H4), 13C-
NMR (50 MHz, CDCl3): δ 56.86, 114.21, 119.56, 123.48, 125.22, 126.26, 127.89, 129.19, 129.36, 
133.98, 154.92; IR (cm−1): ν 3044, 2933, 2836, 1618, 1590, 1506, 1461, 1354, 1264, 1250, 1091, 1064, 
811; MS (70 eV, EI): Found: 314.2 (M+), C22H18O2 requires 314.38. 
 
(S)-2,2 -Dimethoxy-1,1-binaphthalene ((S)-109) 
 
 
 
To a stirred mixture of (S)-Binol (3.00 g, 10.5 mmol) and K2CO3 (3.18 g, 23.0 mmol) in dry DMF (60 
ml) at 80 °C under N2, MeI (3.27 g, 23.0 mmol) was slowly added, and the mixture was stirred for 16 
h at 80 °C. After cooling to 20 °C, H2O (360ml) was added, and the aq. phase was extracted with 
CH2Cl2 (3 times, 100 ml). The combined organic layers were washed with 0.5 M KOH (120 ml), H2O 
(120 ml), and sat. aq. NaCl soln. (120 ml), dried over MgSO4, and evaporated. Reprecipitation from 
Acetone/H2O afforded 109 in quantitative yield as a white coloured solid.[7] m.p. 223 °C. [a]20D =-54.9 
(c=1.0, CHCl3). 1H-NMR (200 MHz, CDCl3): δ 7.95 (d, 3J(H,H) = 9.0 Hz, 2H; Ar-H4); 7.85 (m, 2H; 
Ar-H5); 7.44 (d, 3J(H,H) = 9.0 Hz, 2H; Ar-H3); 7.10-7.30 (m, 6H; Ar-H6,7,8); 3.74 (s, 6H; OCH3); 13C-
NMR (50 MHz, CDCl3): 154.92 133.98 129.36 129.19 127.89 126.26 125.22 123.48 119.56 114.21 
56.86. IR (cm−1): ν 3044, 2933, 2836, 1618, 1590, 1506, 1461, 1354, 1264, 1250, 1091, 1064, 811. MS 
(70 eV, EI): Found: 314.2 (M+), C22H18O2 requires 314.38. 
 
(R)-3,3-diiodo-2,2 -Dimethoxy-1,1-binaphthalene ((R)-110) 
 
 
 
A solution of (R)-109 (4.32g, 7.63 mmol) in THF (220 ml) was cooled to – 78°C under N2, and 1.6 M 
BuLi (4.77 ml, 7.63 mmol) in hexane was slowly added. After stirring for 1 h, sat. aq. NH4Cl soln. (40 
ml) was added, and the mixture was allowed to warm to 20°C. Et2O (300 ml) was added, and the 
orgainc layer was washed with H2O (4 times, 150 ml) and sat. aq. NaCl soln. (50 ml) dried over 
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MgSO4 and evaporated. Purification through CC (hexane/AcOEt 10 :1) gave (R)-110 (1.90 g, 45%) as 
a cream coloured solid.[8] m.p. 197°C. [a]20D = +41.5 (c= 0.5, CHCl3). 1H-NMR (200 MHz, CDCl3): 
8.70 (s, 2H, Ar-H4); 7.96 (d, 3J(H,H) = 8.0 Hz, 2H, Ar-H5), 7.58 (t, 3J(H,H) = 7.48 Hz, 2H, Ar-H6), 
7.43 (t, 3J(H,H) = 7.6 Hz, 2H, Ar-H7), 7.46 (d, 3J(H,H) = 8.4 Hz, 2H, Ar-H8), 3.58 (s, 6H, CH3); 13C-
NMR (50 MHz, CDCl3): 180.42, 154.65, 140.09, 134.03, 132.37, 127.30, 125.98, 125.58, 97.33, 
92.62, 61.41; IR (KBr): 2931, 2823, 1619, 1593, 1508, 1464, 1390, 1352, 1262, 1248, 1146, 1089, 
1054, 1018, 896, 812, 752. MS (70 eV, EI): Found: 566.3 C22H17O2I2 requires 566.17. 
 
(S)-3,3-diiodo-2,2 -Dimethoxy-1,1-binaphthalene ((S)-110) 
 
 
 
A solution of (S)-109 (4.32g, 7.63 mmol) in THF (220 ml) was cooled to – 78°C under N2, and 1.6 M 
BuLi (4.77 ml, 7.63 mmol) in hexane was slowly added. After stirring for 1 h, sat. aq. NH4Cl soln. (40 
ml) was added, and the mixture was allowed to warm to 20°C. Et2O (300 ml) was added, and the 
orgainc layer was washed with H2O (4 times, 150 ml) and sat. aq. NaCl soln. (50 ml) dried over 
MgSO4 and evaporated. Purification through CC (hexane/AcOEt 10 :1) gave (S)-110 (1.52 g, 35%) as 
a cream coloured solid.[8] M.p. 197°C. [a]20D = +41.5 (c= 0.5, CHCl3). 1H-NMR (200 MHz, CDCl3): 
8.70 (s, 2H, Ar-H4); 7.96 (d, 3J(H,H) = 8.0 Hz, 2H, Ar-H5), 7.58 (t, 3J(H,H) = 7.48 Hz, 2H, Ar-H6), 
7.43 (t, 3J(H,H) = 7.6 Hz, 2H, Ar-H7), 7.46 (d, 3J(H,H) = 8.4 Hz, 2H, Ar-H8), 3.58 (s, 6H, CH3); 13C-
NMR (50 MHz, CDCl3): 180.42, 154.65, 140.09, 134.03, 132.37, 127.30, 125.98, 125.58, 97.33, 
92.62, 61.41; IR (KBr): 2931, 2823, 1619, 1593, 1508, 1464, 1390, 1352, 1262, 1248, 1146, 1089, 
1054, 1018, 896, 812, 752. MS (70 eV, EI): Found: 566.3 C22H17O2I2 requires 566.17. 
 
(R)-3,3’-Diethynyl-2,2’-dimethoxy-1,1’-binaphthalene ((R)-111) 
 
 
 
To a degassed solution of 3,3’-diiodo-2,2’-dimethoxy-1,1’-binaphthalene (R)-110, (1.132 g, 2.0 
mmol) and [Pd(PPh3)2Cl2] (144 mg, 0.2 mmol) in benzene (10 mL) and Et3N (12 mL) was added 
TMSA (4 mL, 328.3 mmol) and CuI (76 mg, 0.4 mmol). After heated to reflux overnight, the reaction 
mixture was cooled to r.t. The solid was filtered off and the filtrate was evaporated to dryness. The 
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residue was dissolved in THF (30 mL) and methanol (30 mL) and to this solution was added 
anhydrous K2CO3. After stirred for ~1 h, the product was extracted with dichloromethane and washed 
with H2O three times. The organic layer was dried over anhydrous MgSO4, and the organic volatiles 
were removed in vacuo. The crude product was purified by silica gel column chromatography with an 
eluent of ethyl acetate/hexane (1:5 v/v) to give light yellow solid of (R)-111 (0.47 g, 65 %).[9] [a]20D = -
7.5 (c= 0.5, CHCl3) 1H-NMR (200 MHz, CDCl3): δ 8.20 (s, 2H, Ar-H4), 7.85 (d, 3J(H,H) = 7.95, 2H, 
Ar-H5), 7.40 (t, 3J(H,H) = 7.46, 2H, Ar-H6), 7.27 (t, 3J(H,H) = 7.40, 2H, Ar-H7), 7.09 (d, t, 3J(H,H) = 
8.43, 2H, Ar-H8, 2H), 3.66 (s, 6H, CH3), 3.37 (s, 2H, C-H); 13C-NMR (50 MHz, CDCl3): δ 155.94, 
135.29, 134.02, 130.02, 127.78, 127.43, 125.62, 125.35, 124.82, 116.15, 81.55, 80.53, 61.13. IR: (cm-
1) ν: 3436, 3292, 3057, 2956, 2917, 2850, 1730, 1588, 1458, 1247, 1099, 842. MS (70 eV, EI): Found: 
362.1 C26H18O2 requires 362.15. 
 
(S)-3,3’-Diethynyl-2,2’-dimethoxy-1,1’-binaphthalene ((S)-111) 
 
 
 
To a degassed solution of 3,3’-diiodo-2,2’-dimethoxy-1,1’-binaphthalene (S)-110 (1.130 g, 20 mmol) 
and [Pd(PPh3)2Cl2] (140 mg, 0.2 mmol) in benzene (10 mL) and Et3N (12 mL) was added TMSA (4 
mL, 328.3 mmol) and CuI (76 mg, 0.4 mmol). After heated to reflux overnight, the reaction mixture 
was cooled to r.t. The solid was filtered off and the filtrate was evaporated to dryness. The residue was 
dissolved in THF (30 mL) and methanol (30 mL) and to this solution was added anhydrous K2CO3. 
After stirred for ~1 h, the product was extracted with dichloromethane and washed with H2O three 
times. The organic layer was dried over anhydrous MgSO4, and the organic volatiles were removed in 
vacuo. The crude product was purified by silica gel column chromatography with an eluent of ethyl 
acetate/hexane (1:5 v/v) to give light yellow gummy solid of (S)-111 (590 mg, 75 %).[9] [a]20D = +7.5 
(c= 0.5, CHCl3) ) 1H-NMR (200 MHz, CDCl3): δ 8.20 (s, 2H, Ar-H4), 7.85 (d, 3J(H,H) = 7.95, 2H, Ar-
H5), 7.40 (t, 3J(H,H) = 7.46, 2H, Ar-H6), 7.27 (t, 3J(H,H) = 7.40, 2H, Ar-H7), 7.09 (d, t, 3J(H,H) = 8.43, 
2H, Ar-H8, 2H), 3.66 (s, 6H, CH3), 3.37 (s, 2H, C-H); 13C-NMR (50 MHz, CDCl3): δ 155.94, 135.29, 
134.02, 130.02, 127.78, 127.43, 125.62, 125.35, 124.82, 116.15, 81.55, 80.53, 61.13. IR: (cm-1) ν: 
3436, 3292, 3057, 2956, 2917, 2850, 1730, 1588, 1458, 1247, 1099, 842. MS (70 eV, EI): Found: 
362.1 C26H18O2 requires 362.15. 
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(R)-6,6'-(2,2'-dimethoxy-1,1'-binaphthyl-3,3'-diyl)bis[ethyne-2,1-diyl-(1-hexyluracil)] ((R)-108) 
 
 
To a degassed solution of dry Et3N (2.0 mL) and THF (2.0 mL), 95 (0.040 g, 0.12 mmol), [Pd(PPh3)4] 
(0.010 g, 0.008 mmol) and CuI (0.003 g, 0.017 mmol) were added and the mixture degassed a second 
time. Compound (R)-111 (0.020 g, 0.05 mmol) was then added, the reaction mixture degassed one last 
time, and stirred overnight at r.t. under Ar. The crude mixture was concentrated under vacuum and 
purified by CC (cyclohexane/AcOEt 7:3) yielding (R)-108 (0.024 g, 65 %) as a light yellow powder. 
m.p. 193 °C; [α]21D= -66° (CH2Cl2; c=1) 1H-NMR (200 MHz, CDCl3): δ 9.26 (s, 2H; NH), 8.26 (s, 
2H;Ar-H4), 7.92 (d, 3J(H,H) = 7.95, 2H; Ar-H5), 7.50 (t, 3J(H,H) = 7.47, 2H;Ar-H6), 7.37 (t, 3J(H,H) = 
7.62, 2H; Ar-H6), 7.15 (d, 3J(H,H) = 8.30, 2H; Ar-H8), 6.13 (s, 2H; CH), 4.13 (t, 3J (H,H) = 7.38, 4H; 
NCH2(CH2)4CH3), 3,61 (s, 6H;OCH3), 1.81 (m, 4H; NCH2CH2(CH2)3CH3), 1.32 (m, 12H; 
N(CH2)2(CH2)3CH3), 0.79 (m, 6H; N(CH2)5CH3); 13C-NMR (50 MHz; CDCl3): δ 162.6, 155.5, 150.8, 
138.9, 134.9, 130.2, 128.6, 126.4, 125.8, 124.9, 114.8, 107.1, 97.8, 84.4, 61.8, 47.1, 31.8, 29.2, 26.6, 
22.8, 14.3, 14.2; IR (KBr) ν = 3424.4, 2956.8, 2917.9, 2850.3, 1731.4, 1619.6, 1591.8, 1462.9, 
1379.7, 1264.7, 1250.3, 1180.4, 1091.9, 1065.7, 1020.0, 896.8, 811.2, 747.3, 542.2; MS (5600 eV, 
ESI): Found: 751.4 [M++1] and 773.4 [M++Na+], C46H46N4O6 requires 750.34. 
 
(S)-6,6'-(2,2'-dimethoxy-1,1'-binaphthyl-3,3'-diyl)bis[ethyne-2,1-diyl-(1-hexyluracil)] ((S)-108) 
 
 
To a degassed solution of dry Et3N (2.0 mL) and THF (2.0 mL), 95 (0.040 g, 0.12 mmol), [Pd(PPh3)4] 
(0.010 g, 0.008 mmol) and CuI (0.003 g, 0.017 mmol) were added and the mixture degassed a second 
time. Compound (S)-111 (0.020 g, 0.05 mmol) was then added, the reaction mixture degassed one last 
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time, and stirred overnight at r.t. under Ar. The crude mixture was concentrated under vacuum and 
purified by CC (cyclohexane/AcOEt 7:3) yielding (S)-108 (0.020 g, 55%) as a light yellow powder. 
m.p. 193 °C; [α]21D= +66° (CH2Cl2; c=1) 1H-NMR (200 MHz, CDCl3): δ 9.26 (s, 2H; NH), 8.26 (s, 
2H;Ar-H4), 7.92 (d, 3J(H,H) = 7.95, 2H; Ar-H5), 7.50 (t, 3J(H,H) = 7.47, 2H;Ar-H6), 7.37 (t, 3J(H,H) = 
7.62, 2H; Ar-H6), 7.15 (d, 3J(H,H) = 8.30, 2H; Ar-H8), 6.13 (s, 2H; CH), 4.13 (t, 3J (H,H) = 7.38, 4H; 
NCH2(CH2)4CH3), 3,61 (s, 6H;OCH3), 1.81 (m, 4H; NCH2CH2(CH2)3CH3), 1.32 (m, 12H; 
N(CH2)2(CH2)3CH3), 0.79 (m, 6H; N(CH2)5CH3); 13C-NMR (50 MHz; CDCl3): δ 162.6, 155.5, 150.8, 
138.9, 134.9, 130.2, 128.6, 126.4, 125.8, 124.9, 114.8, 107.1, 97.8, 84.4, 61.8, 47.1, 31.8, 29.2, 26.6, 
22.8, 14.3, 14.2; IR (KBr) ν = 3424.4, 2956.8, 2917.9, 2850.3, 1731.4, 1619.6, 1591.8, 1462.9, 
1379.7, 1264.7, 1250.3, 1180.4, 1091.9, 1065.7, 1020.0, 896.8, 811.2, 747.3, 542.2; MS (5600 eV, 
ESI): Found: 751.4 [M++1] and 773.4 [M++Na+], C46H46N4O6 requires 750.34. 
 
1,6-dibromopyrene (115) 
 
 
 
Pyrene (10 g; 50.0 mmoles) was dissolved in CCl4 (150.0 mL) at room temperature until complete 
dissolution. Then Br2 (5.4 mL of pure Br2 diluted in 200 mL of CCl4) was carefully added with a 
syringe pump to the solution that becomes red. All stirred overnight at room temperature. Filtration of 
the reaction mixture to afford a pink precipitate that was crystallized 5 times with toluene to obtained 
the most insoluble component 115 as a pink solid (6.3 g; 35 %).[10]  m.p. 229 °C; 1H-NMR (400 MHz; 
CDCl3): δ 8.45 (d, 2H; 3J (H,H) = 9.02, Ar-H2), 8.25 (d, 3J (H,H) = 8.11, 2H, Ar-H3), 8.15 (t, 3J (H,H) 
= 9,46 4H, Ar-H4,5), 13C-NMR (50 MHz; CDCl3): 125.5; 150.5, 160.1, 165.5, 187.5, 198.7, 210.3, 
215.7; IR (cm-1): 2964.3, 2916.2, 2849.0, 2355.4, 834.1, 754.3; MS (EI 70 eV; CH2Cl2) found 360.1 
(M+); C16H8Br2 requires 360.14. 
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1,6-diethynylpyrene (117) 
 
 
 
1,6-dibromopyrene 115 (0.050 g; 0.14 mmol), TMSA (0.5 mL), [Pd(PPh3)4], (0.010 g; 0.01 mmol) and 
CuI (0.005 g; 0.03 mmol) were sealed in a microwaves tube with THF (1.0mL), toluene (1.0 mL) and 
Et3N (1.0 mL) all was heated at 120 C° for 1 h minutes under microwave irradiation at 200 MHz of 
power. 
The reaction mixture has been evaporated under reduced pressure and dissolved in 2.0 mL of a (1:1) 
mixture of THF and MeOH. Then 1.0 mL of a 1M acqueous solution of NaOH was added dropwise. a 
yellow precipitate immediately appeared and the solution was stirred for two hours. The reaction 
mixture has been purified by means of precipitation with MeOH to afford the final compound (0.024 
g; 65 %) as a yellow solid.[10] mp 1H-NMR (200 MHz; CDCl3): δ 8.60 (d, 3J (H,H) = 9.01, 2H; Ar-H2); 
8.18 (m, 6H, Ar-H3,4,5); 3.65 (s, 2H, C-H); 13C-NMR (50 MHz; CDCl3): 132.7, 131.6, 130.7, 128.5, 
126.5, 125.3, 117.5, 83.3, 82.7; IR (cm-1): 2916.8, 2849.3, 1733.7, 1466.6, 1214.9, 757.8, MS (EI 70 
eV; CH2Cl2) found 250.1 (M+); requires C20H20 250.2. 
 
1,8-diiodopyrene (118) 
 
 
 
Pyrene (5.0 g; 24.7 mmol) was dispersed in AcOH (150.0 mL) at 90 °C. Then H2O (16.0 mL), Iodine 
(6.27 g; 24.7 mmol), KIO4 (2.11 g; 9.80 mmol) and Sulfuric Acid (1.67 mL ) were carefully added. 
The solution becomes red. Filtration of the reaction mixture afforded a brown precipitate that was then 
purified by crystallization with hot toluene to afford 118 pure (2.8 g; 25 %).[11] m.p. 132 °C; 1H-NMR 
(200 MHz; CDCl3): 8.60 (d, 3J (H,H) = 8.12, 2H, Ar-H2); 8.40 (s, 2H, Ar-H10); 8.07 (s, 2H, Ar-H4); 
7.90 (d, 3J (H,H) = 8.12, 2H, Ar-H3); 13C-NMR (50 MHz; CDCl3): 137.2, 133.5, 132.5, 131.8, 128.0, 
126.5, 124,8, 97.8; IR (cm-1) ; 2916.81, 2849.3, 1730.8, 1637.2, 1470.4, 1264.1, 1179.2, 1104.1, 
1047.9, 990.1; MS (EI 70 eV; CH2Cl2) found 454.1 (M+); C16H8I2 requires 454.15. 
 
 
1
2
3
4
5
6
7
8
9
10
H
H
1
2
3
4
5
6
7
8
9
10
I
I
CHAPTER(V(   
 
   113 
1,8-diethynylpyrene (120) 
 
 
 
1,8-dibromopyrene 118 (0.050 g; 0.11 mmol), TMSA (0.5 mL), [Pd(PPh3)4], (0.010 g; 0.01 mmol) and 
CuI (0.005 g; 0.03 mmol) were sealed in a microwaves tube with THF (1.0mL), toluene (1.0 mL) and 
Et3N (1.0 mL) all was heated at 120 C° for 14 minutes, under microwave irradiation at 200 MHz of 
power. 
The reaction mixture has been evaporated under reduced pressure and dissolved in 2.0 mL of a (1:1) 
mixture of THF and MeOH. Then 1.0 mL of a 1M acqueous solution of KOH was added dropwise. A 
dark brown precipitate immediately appeared and the solution was stirred for two hours. The reaction 
mixture has been purified by means of precipitation with MeOH to afford the final compound 120 
(0.020 g; 75 %) as a brown solid..[11] mp 131 °C 1H-NMR (200 MHz; CDCl3): δ 8.69 (s, 2H; Ar-H10); 
8.16 (dd, 3J(H,H) = 9.0 Hz, 4H; Ar-H1,2); 8.08 (s, 2H; Ar-H4); 3.65 (s, 2H, C-H); 13C-NMR (100 MHz; 
CDCl3): 132.28, 131.55, 130.50, 128.11, 126.39, 125.02, 123.89, 117.33, 83.12, 82.47; IR (cm-1):, MS 
(EI 70 eV; CH2Cl2) found 250.1 (M+); requires  C20H20 250.2. 
 
Zn(II)-5-(4-iodophenyl)-10,15,20,-trimesitylporphyrin (121) 
 
 
 
4-iodobezaldehyde (0.500 g ; 2.72 mmol), pyrrole (0.76 mL; 10.9 mmol) and mesylaldehyde (1.207 g; 
8.16 mmol) were dissolved in 1.0 L of distilled CHCl3 all was stirred under Ar for 15 min. then also 
BF3/Et2O (0.9 mL) was added. The solution becomes immediately violet. After one hour also DDQ 
(1.8 g; 8.16 mmol) was added and all was stirred for another hour. Finally also Et3N (0.7 mL) was 
added and the reaction mixture was evaporated and subjected to a preliminary CC using as mobile 
phase Cyclohexane and CHCl3 (8:2) to separate the mixture of different porphyrins. The overall 
mixture (0.3 g) was then dissolved in a mixture of MeOH and CHCl3 (10 mL each) and 10 mL of an 
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acqueous solution of Zn(AcO)2 (0.700 g 5.0 mmol) were added in the dark and all was stirred at room 
temperature overnight. The reaction mixture was then extracted with CHCl3 and H2O and the final 
compound purified by means of CC using as mobile phase CHX and CH2Cl2 (8:2) to afford 121 (0.100 
g; 7.0 %) as a pink solid. m.p >300 °C. 1H-NMR (200 MHz; CDCl3): 8.85 (d, 3J (H,H) = 4.69, 2H, 
Pyr-H) 8.75 (d, 3J (H,H) = 4.69, 2H, pyr-H); 8.7 (s, 2H, pyr-H); 8.15 (d, 3J (H,H) = 8.42, 2H, Ar-H); 
7.95 (d,  3J (H,H) = 8.42, 2H, Ar-H); 7.28 (s, 6H, Ar-H); 2.60 (s, 9H; CH3); 1.80 (s, 18H, CH3); 13C-
NMR (50 MHz; CDCl3): 150.2, 149.9, 143.9, 149.8, 139.5, 139.2, 139.1, 137.7, 134.6, 132.1 131,5, 
131.4, 131.0, 130.6, 127.9, 121.4, 119.2, 119.0, 84.1, 22.1, 22.0, 21.8; IR (cm-1) ; 3049.8, 2917.1, 
2849.1, 1653.6, 1457.9, 1264,1 744.4, MS (ESI 5600 eV; MeOH) found 929.9 (M+); C53H45IN4NaZn 
requires 929.4. 
 
1,6-Bis-[ (Zn(II)-5-(1-phen-4-yl)-10,15,20,-trimesitylporphyryl)ethynyl]pyrene (112) 
 
 
Compound 121 (0.038 g; 0.040 mmol) was dissolved in 1 mL of THF then 1 mL of Et3N was added 
and the whole solution was degassed with a “freeze thaw pump” cycle. After this [Pd(PPh3)4] (0.005g; 
0.05 mmol) and CuI (0.02 g; 0.10 mmol) were added and the suspension was subjected to another 
degassing cycle. Finally also compound 117 (0.005 g; 0.018 mmol) was added and all was degassed 
for the last time. All was stirred at room temperature overnight under Ar atm. The reaction mixture 
was then evaporated and subjected to CC using as mobile phase CHX and CH2Cl2 (8:2) to afford the 
final compound as a red solid (0.018 g; 60 %)[12] m.p. 1H-NMR (200 MHz; CDCl3): 8.95 (m, 6H, pyr-
H); 8.80 (d, 3J (H,H) = 4.64, 4H, pyr-H); 8.7 (s, 8H, pyr-H); 8.30 (m, 10H, Ar-H ); 8.16 (d, 3J (H,H) = 
8.42, 4H, Ar-H); 7.30 (s, 12H, Ar-H); 2.60 (s, 18H, CH3); 1.85 (s, 36H, CH3); 13C-NMR (50 MHz; 
CDCl3): 150.2, 149.9, 149.7, 143.9, 139,5, 139.2, 139.2, 137.6, 134.5, 132.1, 131.5, 131.3, 131.1, 
131,0, 130.5, 127,9, 121.4, 119,23, 119.0, 84.1, 22.1, 22.0, 21.9; IR (cm-1) 2956.3, 2917.7, 2849.3, 
1732.7, 1507.1, 1456.0, 909.1, 735.7; MS (MALDI; DCTAB) found 1855 (M+); C126H98N8Zn2 requires 
1855.1. 
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1,8-Bis-[ (Zn(II)-5-(1-phen-4-yl)-10,15,20,-trimesitylporphyryl)ethynyl]pyrene (113) 
 
Compound 121 (0.070 g; 0.084 mmol) was dissolved in 2.0 mL of THF then 1.0 mL of Et3N was 
added and the whole solution was degassed with a “freeze thaw pump” cycle. After this [Pd(PPh3)4] 
(0.005g; 0.05 mmol) and CuI (0.02 g; 0.10 mmol) were added and the suspension was subjected to 
another degassing cycle. Finally also compound 120 (0.012 g; 0.028 mmol) was added and all was 
degassed for the last time. All was stirred at room temperature overnight under Ar atm. The reaction 
mixture was then evaporated and subjected to CC using as mobile phase CHX and CH2Cl2 (8.2) to 
afford the final compound as a red solid (0.020 g; 55 %). 1H-NMR (200 MHz; CDCl3): 9.30 (s, 4H, 
Ar-H); 9.10 (d, 3J (H,H) = 4.64, 2 4H, pyr-H); 9.00 (d, 3J (H,H) = 4.64, 4H, pyr-H); 8.90 (s, 8H, pyr-
H); 8.5 (m, 14H, Ar-H); 7.30 (s, 12H, Ar-H); 2.90 (d, 18 H, CH3); 2.00 (d, 36H, CH3); 13C-NMR (50 
MHz; CDCl3): 150.1, 149.9, 149.8, 139.5, 139.2, 137.6,134.8, 132.4, 132.1, 131.8, 131.3, 131.1130.1, 
127.8, 119.2, 119.0, 96.2, 89.8, 22.1, 22.0, 21.8; IR (cm-1) 2915.1, 2826.4, 1650.7, 1556.2, 1455.2, 
1185.4; MS (MALDI; DCTAB) found 1855 (M+); C126H98N8Zn2 requires 1855.1. 
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APPENDIX: Selected 1H and 13C spectra 
1,4-Bis[(1-hexyl-3-tert-butyloxycarbonyl)-6-ethynyl-uracil]benzene (91) 
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1,3,6,8-Tetrakis[(1-hexylurac-6-yl)ethynyl]pyrene (93a).  
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1,3,5-Tris[(1-hexyl-3-tert-butyloxycarbonyl)-6-ethynyl-uracil]benzene (92) 
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1,3,6,8-Tetrakis[(1-hexyl-3-tert-butyloxycarbonyl)-6-ethynyl-uracil]pyrene (93) 
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1,4-Bis(dodecyloxy)-2,5-bis[(2,6-di(acetylamino)pyridin-4-yl-)ethynyl]benzene (84) 
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(R)-6,6'-(2,2'-dimethoxy-1,1'-binaphthyl-3,3'-diyl)bis[ethyne-2,1-diyl-(1-hexyluracil)] ((R)-108) 
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1,6-Bis-[ (Zn(II)-5-(1-phen-4-yl)-10,15,20,-trimesitylporphyryl)ethynyl]pyrene (112) 
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1,8-Bis-[ (Zn(II)-5-(1-phen-4-yl)-10,15,20,-trimesitylporphyryl)ethynyl]pyrene (113) 
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